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Abstract 
Biological and photo-physiological interactions between phytoplankton 
functional types; a five year study in the western English Channel. 
James Richard Fishwick 
Sampling at the western English Channel observatory dates back approximately 1 00 
years, with a more complete sampling programme since 1988. The data set in this study 
was collected over a five year period between 2001 and 2005. The variables measured 
allow for a more complete understanding of the ecosystem, this is the only study to have 
reported the photo-physiology measurements over such time scales. The western 
English Channel is situated in a boundary zone between the oceanic waters of the 
Northern Atlantic and the coastal waters of the English Channel. 
This study has provided substantial evidence that the phytoplankton functional type 
(PFT) succession is governed by the environmental drivers (irradiance, surface water 
temperature and nutrient availability) and as the environmental conditions vary each 
year so does the phytoplankton seasonal succession. The relationships between the 
phytoplankton pigment assemblage, with particular interest to the ratios of chlorophyll 
a, photo-synthetic and photo-protective carotenoids to total pigment concentration, are 
investigated. The chlorophyll a to Total pigment ratio (Chla/TP) is reported to increase 
in conditions conducive for growth and decrease when conditions are less favourable, 
this is related to both PFTs synthesising Chla preferentially in periods of growth and a 
shift in the community structure. The photo-physiology of the PFT community 
indicated relatively high values of FviFm throughout the whole time series, adding 
further evidence of community shifts where PFTs adapted to the particular conditions. 
The crpsn was shown to be one of the mechanisms by which PFTs adapt to the 
environmental conditions. crpsn is high in low light regimes and is reduced when 
irradiance levels are high. The optical absorption by phytoplankton is shown to 
correlate with the pigment ratio (Chla/TP) and to a lesser extent <Jps11• No consistent 
correlations between the FviFm and the optical absorption could be identified. 
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Chapter 1: Introduction 
1.1 Rationale 
An understanding of the functional role of plankton in aquatic ecosystems is crucial to 
quantifying and understanding the Earth system and its role in the regulation of climate 
(Le Quere et al., 2005). In the marine environment, the organisation of plankton, 
species diversity and seasonal succession are aspects of ecology that differ regionally; 
knowledge of this diversity is core to understanding phytoplankton functional roles. 
The environmental conditions (light, nutrients, temperature, salinity, turbulence and 
stratification) in different ecosystems are the characteristics that force plankton diversity 
and seasonal succession. Quantifying the Earth system needs representations of marine 
ecosystems that are realistic, evolving from simple system descriptions (Fasham, 1993) 
to more complex bio-mechanistic models (Flynn, 2001) tempered by the realization that 
not all the hundreds of plankton species can be included explicitly. The use of 
keystone species or functional types to represent ecosystem functioning is a practical 
strategy, used by models such as the European Regional Seas Ecosystem Model 
(ERSEM; Blackford et al., 2004) and the Dynamic Green Ocean Model (DGOM; Le 
Quere et al. , 2005). An understanding of the interactions between the functional types 
and the biological and optical characteristics of each type are critical. The 
phytoplankton pigment assemblages differ between functional types (Vidussi et. al. , 
200 I) and thus the optical absorption and light harvesting efficiencies also potentially 
differ. 
A two week study in the Benguela ecosystem during 2002 (Fishwick et al., 2006) 
identified relationships between the phytoplankton pigments, photo-physiology and 
absorption. This system is in an upwelling region and the phytoplankton succession is 
driven largely by the nutrient availability, showing succession from flagellates to 
dinoflagellates and finally diatoms in upwelled water masses. This succession reversed 
as the nutrient levels depleted. It was reported that each of the phytoplankton functional 
types (PFTs) dominated in environmental conditions to which it was adapted; having 
different pigment structures, photo-physiology and absorption characteristics. Using the 
data set presented within this thesis the same relationships are investigated over a five 
year time series in the temperate waters of the western English Channel (WEC). 
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1.2 Historical Background 
The WEC is situated in a boundary zone between the oceanic waters of the Northern 
Atlantic and the coastal waters of the English Channel. Sampling of the WEC 
commenced with the creation of the Marine Biological Association (MBA) in 1888 
(Southward et al., 2005). The stations L4 (50.25°N 04.2l7°W) and El (50.033°N 
04.367°W) are still sampled today and are the remnants of larger sampling transects set 
up by the English section of the contribution by the United Kingdom to the programme 
of the International Council for the Exploration of the Sea (ICES) in 1903. Figure 1 
shows the locations of L4 and El as well as some of the other coastal stations on the L 
(Lumby) transect. The El station is the first of four stations, which transect the WEC, 
ending at the coast of Brittany. 
Figure 1.1: Locations of the 
historical stations off Plymouth. 
Taken from Southward et al. 
(2005). 
The L4 station is situated some l 0 nautical miles off 
Plymouth and the El station is some 22 nautical miles 
off Plymouth. The transect between Plymouth and El 
passes through the L4 station. Since 1888 there has 
been a record of temperature and salinity as well as 
phytoplankton abundance. Fish larvae analyses were 
added around 10 years later and in the 1920s nutrients 
and zooplankton sampling were added to the regular 
sampling program. Breaks in the time series occurred 
during the First (1914-1918) and Second World Wars 
( 1939- 1945) when the research vessels were 
requisitioned for the Royal Navy. In 1957 the Sir 
Alister Hardy Foundation for Ocean Science (SAHFOS) 
added the Continuous Plankton Recorder (CPR) to the 
time series. With the creation of the Plymouth Marine Laboratory (PML) in 1977 the 
L4 sampling started again in 1988 and the zooplankton and phytoplankton sampling at 
the L4 station continued when funding was terminated for the E 1 and L5 sampling 
programmes. During this period some sporadic sampling was carried out on the 
physical and optical properties of the L4 station by the PML optics group. This 
included for a relatively short time period (:::::12 months) continuous measurements from 
a buoy (PlyMBODy, Pinkerton et al., 2003). Since 2000 a concentrated effort has been 
made to increase the parameters sampled at L4 and then in 2002, at the E l station. 
2 
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Presently over 30 scientists, mainly situated at PML, sample L4 each week and a 
reduced number sample El every two weeks. Table I shows the parameters currently 
measured at the IA station. 
The importance of long term observations has been recognised (against a background of 
the climate change agenda) and the three Plymouth Labs (PML, MBA and SAHFOS) 
have written the continuation of the L4 and E I time series into the NERC funded 
Oceans 2025 programme. PML is particularly involved in data basing all the historical 
data and merging this with the extensive Remote Sensing effort at PML (RSG) and the 
Modelling group using the European Regional Seas Ecosystem Model (ERSEM). Also, 
PML recognise the need for permanent in situ monitoring and are committed to the 
deployment of two independently moored observatory buoy systems at the L4 and El 
stations. This has been recognised with a £300,000 NERC grant and the two buoy 
systems will be deployed in late 2008 (L4) and early 2009 (E 1 ). 
Table 1.1: The current sampling carried out weekly at the lA station. All protocols and methodologies 
can be found at: http://www.westemchannclobservatory.org. uk/all paramctcrs.html 
Group Parameters Measured 
Zooplankton Zooplankton species abundance (128+ taxonomic categories); 
(lA since 1988) Phytoplankton species and biomass (249+ taxonomic 
categories); Total, and size-fractionated, chlorophyll; Total, and 
size-fractionated, particulate CHN; Mesozooplankton size-
fractionated biomass; Copepod egg production, particularly 
Calanus helgolandicus. 
Microzooplankton abundance biomass and species composition. 
Also concentrating large volume water samples to determine 
abundance and species composition of larger, rarer species such 
as tintinnld ciliates 
Optics Up- and down-welling irradiance, PAR; ac-9, VSF and bb6 for 
(L4 since 2000 & E l inherent optical properties; Temperature, salinity, density and 
since 2002) fluorescence profiles; Fast Repetition Rate Fluorometry (FRRF). 
Laboratory measurements for Total Suspended Material (TSM), 
Coloured Dissolved Organic Material (CDOM), Particulate 
Absorption (PASS) and Coulter Counter measurements. 
Pigments HPLC carotenoids and chlorophylls. Also sampling for 
(lA since 2000 & El mycosporine-like amino acids (MAAs), glycine betaine and 
since 2002) xanthophyll cycle pigments. 
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Viruses Sampling 30 litres each week. 10 litres is processed and filtered 
(L4 since 2001) as part of a time series (started 5 years ago) and the samples 
collected are stored, awaiting analyses using molecular 
techniques at a later date. The sort of things to be examined will 
include algal virus community diversity in the natural 
environment. 
The remaining 20 litres are processed for ongoing virus 
screening of a range of culture strains, representing nano and 
picophytoplankton. The aim is to screen for, detect and isolate 
novel algal viruses in the natural environment. 
Dissolved Gases Collection and sampling for DMS, DMSP(dissolved, particulate 
and total) GC analysis. 
Bacteria Currently collecting bacterial DNA from L4 fortnightly. To 
investigate the genetic diversity of the L4 bacterioplankton over 
several annual cycles. The ultimate aim is to investigate whether 
there is such a thing as a bacterial "community". 
Young Fish Trawl Deployed at L4 since January 2005. 
Nutrients Macro-nutrients: nitrate, nitrite, silicate, phosphate and 
ammonium. 
RV Plymouth Quest Along track measurements of Temperature, Salinity, Beam 
Underway Attenuation in the Green and Red; Ships Met data (wind speed & 
measurements. 
direction). To be added shortly; UV and Visible above water 
spectrometers, reflectance radiometry, Oxygen and pC02. 
Meteorological Temperature, humidity, pressure, wind speed and direction, 
Station rainfall; PAR, solar irradiance, aerosol loading. 
(Since 2003) 
1.3 Station Characteristics 
The L4 station is situated approximately 10 nautical miles south of Plymouth and has a 
nominal depth of 50m. The site is tidal (Pingree, 1980) with a maximum range of 5.4m 
and a maximum tidal stream of 0.55ms-1 with a small net flow to the east (Pinkerton et 
al., 2003). Siddorn et al. (2003) carried out a modelling study of the Plymouth Sound 
and surrounding areas. They showed that the currents throughout the tidal cycle were 
greater around the Eddystone reef and within the Sound. 
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Plymouth is bordered both on the east by the river Plym and on the west side by the 
river Tamar, which is the main source of freshwater, with an average flow ranging 
between 5m3s·• to 140m3s·• at the mouth of the estuary compared with an average flow 
of lm3s·• from the Plyrn (Uncles and Stephens, 1990). The model produced by Siddorn 
et al. (2003) indicated that the freshwater flows from the Tamar and the Plym leave the 
Plymouth Sound via a flow from the east of the breakwater and a stronger flow from the 
west. These flows converge and then turn west into Whitsands Bay. 
The L4 station is well mixed throughout the winter months and is stratified throughout 
the spring, summer and autumn. From the data collected since 2002 (Figure 1.3) it can 
be seen that the water column is well mixed with the exception of some reduced salinity 
surface layers generally between mid September to the end of April. There is some 
inter-annual variability in the onset and breakdown of stratification due to weather 
conditions. The water column is then generally stratified with the thermocline ranging 
in intensity (maximum of :::=3.s·c gradient, average :::::2·q and depth (between 5rn and 
25m). Rarely during the summer months, high wind events cause the temporary 
breakdown of the therrnocline and the injection of nutrients back into the surface layer 
but such events can be seen in the data set. 
Figure 1.3 shows the thermal stratification at the L4 stations through four annual cycles, 
temperature maxima is :::::18.s·c found in September and minima of :::=TC found in the 
late winter (March). 
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Figure 1.3: The temperature (0C) plot from the LA station between January 2002 to December 2005. 
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Phytoplankton pigments are collected and analysed each week and show the main 
spring and autumn blooms as well as other smaller blooms throughout the summer 
months. Figure 1.4 shows the phytoplankton Chla in the surface layer from 2002 to 
2005. 
1.4 PFT Chla 2001-2005 
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Figure 1.4: The chlorophyll a concentration displayed with the dominant phytoplankton group as 
detennined using the diagnostic pigment methodology of Vidussi et al., 2001. The phytoplankton 
groups are defined as dominant diatom stations (>65%), majority of diatoms (55 - 65%), dominant 
flagellates (>65%), majority of flagellates (55- 65%) and all other stations with less than 55% 
dominance by any one type is classed as mixed 
It can be seen from Figure 1.4 that the spring bloom gives the largest Chla levels, as 
expected, with the highest levels detected in 2001 reaching ::::6.5mg.m·3• The spring 
bloom appears to be reduced in its intensity during 2004 and 2005, however it is 
hypothesised that due to the dynamic nature of the L4 station the chlorophyll maximum 
was missed in these years. Figure 1.4 also shows that the chlorophyll is lowest in the 
winter (minimum ::::0.3mg.m-3) with episodic blooms throughout the summer leading to 
the autumn bloom in September. The two dominating groups found at the L4 station 
are flagellates and diatoms. 
1.4 L4 Station Summary 
• The L4 station is seasonally stratified. 
• Influenced by freshwater input from precipitation and runoff from the 
rivers Tamar and Plym. 
• High winter nutrient concentrations; exhausted by the spring bloom with 
nutrient injections during the summer months. 
• Large tidal cycles (:=::5m) causing strong tidal currents. 
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1.5 Thesis Overview 
The interactions between the phytoplankton pigment compositions, photosynthetic 
parameters and optical absorption are investigated. The data set has been collected over 
a five year period between 2001 and 2005 at the lA sampling station in the WEC (see 
section 1.2 for further details). The work aims to investigate these relationships in 
terms of the ecosystem environmental conditions (irradiance, water temperature and 
nitrate concentration) over annual cycles, seasonal cycles and between dominating 
phytoplankton groups (diatoms, dinoflagellates, flagellates and Phaeocystis). Primarily 
the percentage of chlorophyll a (Chla) in the total pigment was investigated and in 
addition the percentage of photosynthetic carotenoids (PSC) and photo-protective 
carotenoids (PPC) in the total pigment was investigated. Following on from this, the 
same environmental factors are investigated against the photosynthetic parameters, the 
photochemical efficiency of photo-system Il (FviFm) and the effective cross sectional 
area of photo-system 11 ( crps11) . Finally the inter-relationships between the 
phytoplankton pigments, photosynthetic parameters and the phytoplankton optical 
absorption characteristics for the five annual cycles, seasonal cycles and between the 
dominant phytoplankton types (PFT) were investigated. 
Knowledge of these interactions between years, seasons and the phytoplankton 
functional types (PFTs) are critical to understanding the ecosystem dynamics and 
towards the construction of ecosystem models. With the advances in the inherent 
optical property retrieval (see section 2.6) from satellite derived data sets (Smyth et al. , 
2006) the relationships with the phytoplankton optical absorption may lead to future 
algorithm development. 
The hypotheses for test are as follows : 
1. The lA station is well mixed through the winter months and then 
permanently stratified from spring to early autumn. 
11. The rivers Tamar and Plym cause freshwater plumes that occasionally 
are large enough to affect the lA station. 
Ill. Nutrients are surplus during the winter but become limiting during the 
summer with some re-injections. 
IV. The station is dynamic and the environmental drivers (irradiance, water 
temperature and nutrient concentration) have different patterns each year. 
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V. The Vidussi et al. (200 1) method for PFT determination usmg 
diagnostic pigments is an inadequate method for the L4 station. 
VI. The phytoplankton community structure and the seasonal succession at 
the L4 station differ each year. 
VII. Chla is both the major light harvesting pigment and an indication of the 
phytoplank:ton biomass. The relationships between the Chla 
concentration and the environmental drivers (irradiance, water 
temperature and nitrate concentration) are significant. 
VIII. Chla is the main light harvesting pigment and 1s synthesised 
preferentially in conditions optimal for growth. 
IX. Phytoplankton pigments both absorb light to provide energy for 
photosynthesis and also protect the cells from high light. The 
phytoplank:ton pigments have strong statistical relationships with the 
environmental drivers. 
X.The pigment ratios correlate with the two biomass indicators; Chla and 
phytoplank:ton carbon specific to each year, seasonal period and PFT. 
XI. The photosynthetic parameters indicate the efficiency of photochemistry 
(FviFm) and the effective cross sectional area of photo-system II ( crps11) , 
these parameters are determined by the environmental conditions. 
XII.The four PITs exhibit individual relationships between the 
photosynthetic parameters and the environmental conditions. 
XIII.The FviFm increases with increasing phytoplankton biomass and the crpsn 
decreases with increasing phytoplankton biomass. 
XIV.Chla is synthesised preferentially and FviFm increases m conditions 
optimal for growth. Therefore Chla/TP is an indication of Fv!Fm. 
XV.Wben the environmental conditions are unfavourable for growth the 
phytoplankton extend their crpsn to maximise light harvesting. The 
relationship between the Chla/TP to crpsu is an inverse relationship. 
XVI. The Chla/TP has an optical signature and due to the relationships 
between the Chla/TP and the photosynthetic parameters then ChlaffP, 
FJ Fm and crpsn all have an optical relationship. This optical relationship 
is the absorption ratio a676/a490. 
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1.5.1: Thesis Structure: 
1- General introduction to the work undertaken (Chapter 1). 
2- The theory of the biological and optical interactions including a review of the 
current literature (Chapter 2). 
3- Detailed description of the methods undertaken during this work (Chapter 3). 
4- To investigate the five year dataset for inter-annual and seasonal variability 
within the station characteristics, temperature, salinity, density, fluorescence, surface 
irradiance and nutrient concentrations (Chapter 4). 
5- Comparing two methods ofphytoplankton type identification (cell counts and 
diagnostic pigment identification). Investigating the phytoplankton blooms between 
1993 and 2005, with particular interest in the dominant type succession with emphasis 
mainly on the years 2001 - 2005. Then comparing relationships between PFTs and the 
environmental conditions (irradiance, water temperature, surface to bottom temperature 
difference and nitrate concentration) for the three seasonal periods (late winter- spring 
bloom (LWSB), summer and autumn bloom- early winter (ABEW)) (Chapter 5). 
6- Investigating the inter-relationships between the phytoplankton pigments; 
investigating the percentages of Chla, PSC and PPC to the total pigment assemblages. 
Particular reference is made to the main spring and autumn bloom events during the 
years 2001 -2005. The relationships between the pigment ratios (Chla/TP, PSC/TP and 
PPCffP) and the environmental conditions (irradiance, water temperature and nitrate 
concentration) through annual and seasonal cycles are investigated. The pigment ratios 
are compared to the two biomass indicators (Chla concentration and phytoplankton 
Carbon) for the years and seasons through 2001 - 2005 and also between the dominant 
PFTs (Chapter 6) 
7- The photosynthetic parameters measured using fast repetition rate 
fluorometry (FviFm and Opsn) are investigated with the environmental conditions 
(irradiance, water temperature and nitrate concentration) through the annual and 
seasonal cycles and for the dominant PFTs. Investigating the relationships between the 
photosynthetic parameters and the two phytoplankton biomass indicators (Chla and 
phytoplankton carbon) again through annual and seasonal cycles and within PFTs 
(Chapter 7). 
8- Investigate the relationships between the phytoplankton pigment ratios and 
the photosynthetic parameters for the annual and seasonal cycles and within dominant 
PFTs. The relationships between the optical absorption ratio (a676/a490) and the 
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pigirteiit,I"atio (Chlafl!P), FviFm 'and I apgn lite 1exart1ined .throiigh, llhiillal, seasonal 1cycles 
.and!ph~oplanldon dominant fimctlonal types(Chapter 8). 
9- Overall discussion (Chapter:9)' 
;]Q~ Conclusions;(Chapter 10}. 
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2.1 Phytoplankton Diversity in the Western English Channel 
Phytoplankton species have been measured in the WEC since the early 1900s, there 
have been large gaps in the data since then with the largest unbroken record being 
between 1960 and 1980. Due to a lack of funding the time series was not continued 
until the early 1990s when it recommenced and is still in continuation today (Southward 
et al., 2005). Several papers reporting the phytoplankton abundance in the WEC have 
been published: Holligan and Harbour, 1977, Boalch et al., 1978, Maddock et al., 
1989, Rodriguez et al., 2000, Wilson et al., 2002 and Llewellyn and Harbour, 2003. 
Each week, water samples are collected and preserved in Lugol's iodine and formalin; 
the samples are then settled in sedimentation chambers. Cell counts are made by 
Utermoh1 's inverted microscope technique (Utermohl, 1958); diatoms, autotrophic 
dinoflagellates, flagellates and picop1ankton were identified and counted to species 
level. At present there are some 250+ taxa identified and reported. A size based 
definition of the different groups can be found in Table 2.1. 
Table 2.1: Phy!oplankton size classes, cell size and phytoplankton species found within each size class. 
Size Class Cell Size (J.lm) Phytoplankton Species 
Pico 
Nano 
Micro 
<2 
2-20 
>20 
Chlorophytes, Prochlorophytes, Prochlorococcus 
and Synechococcus 
Chromophytes, Nanojlagellates and Cryptophytes 
Diatoms and Dinojlagellates 
Table compiled with information taken from the International Ocean Colour Coordinating Group 
(IOCCG) working group on Phytoplankton functional types and Le Quere et al. (2005). 
With the development of the High Performance Liquid Chromatography (HPLC) 
technique (Barlow et al. 1997) for identifying phytoplankton pigments some 20 years 
ago, there has been wide spread mapping of the global phytoplankton pigment 
signatures. This technique has given marine scientists another tool in the identification 
of phytoplankton taxa. There are two main methods available for the identification of 
phytoplankton taxa by pigments, these both rely on diagnostic or marker pigments, 
which are specific to individual taxonomic groups (see Table 2.2). The simplest of 
these methods is that of Vidussi et al. (200 I) and the more complex program is called 
CHEMTAX and was developed by Mackey et al. (1996). Both these methods can only 
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define taxonomic groups and; not down.to the species level as with microscopy, however 
CHEMTAX does convert to phytoplankton carbon and assigns quantities to each group. 
Llewellyn et a/, (2005) reported on an inter-comparison carried out between the 
microscopy and CHEMTAX techniques. The conclusion from their findings was that 
both methods have errors and as such they compliment each other in the determination 
of the taxonomic groups; also highlighted by Irigoien et al. (2004 ). 
Table l.i: The phytoplankton·marker pigments and corresponding phytoplankton·group are shown. 
Marker Pigment Phytoplankton Groups 
Fucoxanthin Diatom, Prymnesiophytes & Chrysophytes 
19' -hexanoloxyfucoxanthin Pryrnnesiophytes 
Peridinin 
Alloxan thin 
19' -butanoloxyfucoxanthin 
Zeaxanthin 
Lutein 
Violoxanthin 
ChiC] 
Chi b 
Dinoflagellates 
Cryptophytes 
Prymnesiophytes & Chrysophytes 
Cyanophytes, Chlorophytes & Prasinophytes 
Chlorophytes & Prasinophytes 
Chlorophytes & Prasinophytes 
Prymnesiophytes & Chrysophytes 
Chlorophytes & Prasinophytes 
Table compiled forrn information found in Llewellyn et al. (2005) 
Llewellyn and Harbour (2003) reported that at the L4 station the biomass increased 
sharply between April and May with fucoxanthin being the main carotenoid, thus 
indicating diatoms, however microscopy revealed that much of this fucol{anthin 
originated from the prymnesiophyte Phaeocystis pouchetii and not from diatoms. 
Jeffrey and Wright (1994) also reported that the dominant carotenoid in P. pouchetii 
was fucoxanthin. Holligan and Harbour (11977) reported that for the E I station the 
annual phytoplankton succession was: (i) during spring and a1,1turnn, diatoms dominate 
in the high nutrient and light regime in the surface layer. Also the flagellate P. 
pouchetii is often a major component of the phytoplartkton; (ii),early and late summer is 
mixed populations of diatoms and dinotlagellates and then; (iii) through mid-summer 
dinotlagellates and flagellates dominate il1 the thermocline and surface layers 
respectively. Rodriguez et al. (2000) reported on the phytoplartkton succession at the 
L4 station between 1992 and 1994. They showed that the flagellate biomass decreased 
from autumn to winter with sharp fluctuations during the spring-summer period. 
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Maximum values were observed in April, June and August. The diatoms were more 
abundant between April and October, being greatest in the spring bloom during April, 
which was attributed to Chaetoceros socia/is. Other blooms during the summer were 
attributed to Thalassionema nitzschoides, Leptocylindrus danicus (August) and 
Biddulphia sinensis (September). Autotrophic dinoflagellates were mainly found in the 
summer, with a notable Karenia mikimotoi bloom in July. Llewellyn and Harbour 
(2003) reported that at the L4 station diatoms and prymnesiophytes (flagellate) 
dominated between May through September with dinoflagellates increasing from the 
middle of July. The biomass was lower during October and November with 
unidentified 5J.1m prymnesiophytes dominating. Coccolithophore blooms periodically 
occur in the Western Approaches and move up the channel to the El and L4 stations. 
The main blooming species is Emi/iania huxleyi, which has been reported to have 
immense open ocean blooms measuring some 1 0,000km2 (Wilson et al., 2002). This 
group is known for its elegant calcium carbonate scales, which it constantly sheds 
during the senescent phase hence causing one of the largest long term sinks of inorganic 
carbon on earth. These coccoliths cause high scattering of light in the surface layer and 
therefore are easily seen in true colour satellite images. 
2.1.1 Diatoms 
Diatoms are unicellular algae ranging in size from 20-200J.1m (Le Quere et al., 2005) 
with some tropical species reaching 2mrn and Thalassiothrix; a species found in 
Antarctic waters, can reach 4mm. These cells can be found either as unicells or in 
chains, formed by cells joining together either by interlocking spines, ridges of 
interlocking siliceous tubules or by marginal spines "teeth" interlocking with adjacent 
cells. A distinct feature of diatoms is their silica wall or frustule surrounding the cell. 
This wall consists of two halves a smaller valve (hypotheca) fitting inside a larger valve 
(epitheca) and held together with siliceous girdle bands. The carotenoid Fucoxanthin is 
the diagnostic pigment associated with diatoms (Fishwick et al., 2006 and Llewellyn et 
al., 2005). Diatoms are dominant in areas with high light and nutrients, especially 
silica, which is needed to form their external walls. As conditions become favourable 
small fast growing chain forming diatoms bloom first followed by larger centric 
diatoms. Diatoms contribute to carbon export far more effectively than smaller 
plankton through direct sinking of cells, key-grazing pathways and mass sedimentation 
events following spring blooms when nutrients are depleted (Le Quere et al., 2005) 
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2.1.2 DinoOagellates 
These are a diverse group of unicellular flagellates, which comprises of approximately 
130 genera, of which half are photosynthetic and the other half have heterotrophic 
nutrition. Dinoflagellates range from 5 to 200011m (Le Quere et al., 2005) in size and at 
some stage of their life cycles they have a motile phase with two flagella. They exhibit 
morphological extensions with spines, horns and wings, which are thought to aid 
floatation, defend against grazing and increase nutrient uptake by increasing surface 
area. Dinoflagellates can bloom in very large quantities and be harmful to fish and 
other marine organisms, by getting logged in their gills; they also form what is referred 
to as red tides because of their redish-brown colour and dense blooms (Clark et al., 
1999). Some species can also produce a toxin, which prevents other phytoplankton 
species from blooming. Peridinin is the diagnostic pigment found in dinoflagellates 
(Fishwick et al., 2006 and Llewellyn et al., 2005), however the main dinoflagellate 
species attributed to large summer blooms is Karenia mikimotoi, which does not contain 
Peridinin (Gieskes & Kraay, 1986). 
2.1.3 Small Flagellates 
This is a collective group of small unicellular phytoplankton species ranging in size 
from 2-201lm (Le Quere et al., 2005), this group can be found as either single cells or 
colony forming genera such as Phaeocystis. Large blooms at the L4 station are 
attributed to Phaeocystis and these can produce large quantities of dimethyl sulphide, 
which act as cloud condensation nuclei (Charlson et al., 1987). They are also classified 
as a harmful algal bloom species as they produce toxins harmful to fish larvae (Eilertsen 
& Raa, 1995). This group also contains the high light scattering coccolithophorids, 
which are known for their calcium carbonate liths. Coccolithophores play an important 
role in carbon cycling as they transport calcium carbonate from the upper ocean layers 
to the sea bed sediments. They produce more than half of the marine carbonate flux 
(Schiebel, 2002). Also within this group the prymeisophytes can affect climate patterns 
as they produce dimethyl sulphide, which is a cloud seeding nuclei (Stefels et al., 1995). 
As this group is comprised of several taxa it has the following diagnostic pigments; 19'-
hexanoyloxyfucoxanthin, 19' -butanoyloxyfucoxanthin, Alloxanthin and Chlorophyll b 
(Chlb) (Fishwick et al., 2006 and Llewellyn et al., 2005). This group is often found in 
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lower light and nutrient regimes, which excludes competition from diatoms and 
dinoflagellates. 
2.2 Pigments 
Photosynthesis begins with photon absorption by pigments located in the thylakoid 
membrane. Phytoplankton utilize Chla as their major light harvesting pigment for 
photosynthesis (Trees et al. 2000) and it is the only pigment present in all oxygenic 
phytoplankton (Geider and Maclntyre, 2002). Aiken et al. (1995) reported that Chla 
accounts for about 50% of the total phytoplankton pigment. Brown et al. ( 1991) 
reported that an estimated 109 tonnes of chlorophyll was turned over annually on a 
global scale. Only 25% occurs in the terrestrial environment and the other 75% in 
marine and freshwater algae. Other pigments found in marine phytoplankton include 
Chlb, chlorophyll c (Chic) and carotenoids, which are collectively termed accessory 
pigments. These pigments also play a significant role in photosynthesis by extending 
the organism's light harvesting complex, thereby improving absorption efficiencies and 
adaptation capabilities (Trees et al. 2000). The carotenoid pigments can be separated 
into two groups: PSC, which play an active role in photosynthesis and PPC, which serve 
the function of protecting micro algal cells from the effects of high irradiances (Barlow 
et al., 2002). 
Due to its importance in the photosynthetic process Chla has become the main 
biological measurement made in our oceans and there are many different methods and 
techniques used to assess its concentration. These include fluorescence techniques, 
spectrophotometric techniques, high performance liquid chromatography (HPLC, 
Barlow et. al., 1997), and more recently by satellite ocean colour sensors (O'Reilly et 
al., ( 1998). The Sea-viewing Wide Field-of-view Sensor (Sea WiFS, NASA) and 
Medium Resolution Imaging Spectrometer (MERIS, ESA) for example, have the 
capability to determine Chla concentrations from space using optical algorithms. 
Satellites have been invaluable in assessing the global distribution of Chla. 
Phytoplankton can influence the global climate in a number of ways. Firstly they utilize 
carbon dioxide through photosynthesis thus affecting the global carbon dioxide budget; 
secondly they contribution to seasonal warming of the surface layers of the ocean by 
absorbing and scattering light; and finally the production of quantities of volatile 
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compounds, which escape into the atmosphere and some of which act as cloud-seeding 
nuclei (Jeffrey et al., 1997). 
2.3 Electromagnetic Spectrum 
Electromagnetic energy is measured in units of quanta or photons and travels as a 
continual stream of photons at 3 x 108 ms-1 through air. In high sunlight a 1 m2 
horizontal surface receives about 1021 quanta s-1 of visible light (Kirk, 1983). The 
photons of light have a wavelength (A.), which is expressed in nanometres (nm), and a 
frequency (v), which is expressed in cycles s-1• Figure 2.1 shows the wavelength 
spectrum of photons, it can be seen that the visible range lies between 0.4f..lm - 0. 7 f..liD 
(more commonly expressed as 400nm - 700nm) between the ultra-violet and the infra-
red regions. This range is also described as Photosyntbetically Active Radiation (PAR) 
as it is the range in which plants absorb light energy to enable photosynthesis. 
Figure 2.1: Shows the Electromagnetic spectrum from Gamma through to Radio waves. The visible part 
of the spectrum is expanded to show the colour transition from violet/blue through to red. (Image taken 
from the NASA website: http://imagine.gsfc.nasa.gov/docs/science/) 
The wavelength of light and the frequency are related by A.= c/v, where c is the speed 
of light and the electromagnetic energy of a particular wavelength of light is described 
as c = hclv, where his Plank's constant (6.63 x 10-34 J s-1) . This shows that a photon at 
700nm (red) contains only 57% as much energy as a photon at 400nm (blue). Figure 
2.2 shows the energy levels through the light spectrum and demonstrates that the red 
wavelengths have a longer wavelength, thus a low frequency and hence a lower energy. 
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Figure 2.2: Shows how the frequency and energy of a photon of light increase as the wavelength 
decreases. (Image taken from the NASA website: http://imagine.gsfc.nasa.gov/docs/sciencel) 
2.4 Apparent Optical Properties (AOPs) 
Apparent optical properties of a water column are measured in terms of irradiance and 
radiance. In oceanography the light travelling down through the water column is 
typically measured in terms of irradiance measured with a cosine collector at either 
fixed wavelengths or over the visible range using a hyper-spectral instrument. The units 
of irradiance are Watts per metre2 (Wm-2) and are wavelength specific (Wm-2nm-1), 
irradiance is usually measured down through the water column. From the irradiance 
value at one depth and another from a deeper depth it is possible to calculate the vertical 
attenuation coefficient ~. using the Beer-Lambert law. This is a measure of the light 
penetration, which is affected by the organic and non-organic material in the water and 
the water itself. A measurement of up-welling light is made using a radiometer and is 
typically measured in radiance with a 15° half angle and is also measured in the units of 
wm·2.nrn-1.sr"1• 
2.5 Inherent Optical Properties (lOPs) 
The Inherent Optical Properties are those that are only dependant on the medium and 
not on any ambient light field within the medium (Preisendorfer, 1976). As photons 
penetrate through the water column they are either absorbed or scattered. Scattering of 
photons occurs when they collide with a particle in the water that does not absorb them. 
Scattering can be in any direction and any one photon can be scattered numerous times 
until it either leaves the water column (as it is reflected back into the atmosphere) or is 
17 
Chapter 2: Biological and Optical Interactions 
absorbed. The fraction of the photons that are scattered divided by the thickness of the 
layer is the scattering coefficient (b). The absorption of a photon can be from any 
number of components: absorption by pure water aw; absorption by dissolved organic 
material ay; and absorption by particles ap. So the total absorption in seawater can be 
defined as: 
atot (A.) = a,.(A.) + ay (A.) + ap (A.) (I) 
The absorption of pure water (aw) is the absorption due to pure seawater with no 
dissolved organics or particles. This absorption is highest in the red as it has lower 
energy wavelengths and lower absorption in the blue with a minimum absorption found 
at 418nm (Pope and Fry, 1997). It is for this reason that in the oligotrophic regions of 
the world oceans, which are the oceanic deserts with very little production at the 
surface, the water appears bluest. The absorption by coloured dissolved organic 
material (ay) is caused by complex mixture of dissolved organic compounds found in 
seawater, which absorb light exponentially in the UV - Visible spectrum (Kowalczuk, 
1999). The absorption of particles can be split into two categories, apb, which is the 
absorption by phytoplankton and ad, which is the absorption due to non organic 
particles in the water. 
The absorption by phytoplankton is mainly influenced by Chla, but also the other 
pigments present. Phytoplankton possesses taxa specific suites of pigments and each of 
these pigment complexes absorbs in a different region of the spectrum. Phytoplankton 
has the ability to change the amount of pigment according to the intensity of irradiance 
to which they are exposed (Lutz et al., 2003). According to the NASA Ocean Optics 
Protocols (NASNTM-2003-211621/Rev4-Voll) a water mass that is not affected by any 
land influence is classified as a case I water mass. It has a CDOM signal at 380nm of 
less than 0.1 m-1 and a Total suspended Particular Matter (TSM) concentration of less 
than 0.5mg.r1• A case I water mass is optically more simple as the absorption and 
scattering are dominated by phytoplankton and associated breakdown products, and the 
light absorption by photosynthetic pigments of phytoplankton cells usually dominates 
the optical variability of the water column (Stuart et al. 1998). So in case I waters all 
the components except a .. (A.) in equation I are often assumed to have an association 
with the Chla concentration (More! and Prieur, 1977). 
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Case 11 water masses are ·those· which. are directly influenced by the land. These Water 
masses are optically complex as the land run off effects. the CBOM levels in the water 
and the particulates suspended in the water column. A:lso in more coastal areas re" 
suspension of particles from the sea bed can occur, due to tidal' mixing and therefore in 
case 11 waters the CDOM and suspended: particles :have no relationship to chlorophyll, 
as in case I waters. 
2;6 Fluorescence and Photosynthesis 
Fluorescence is an optical phenomenon. where ·light ·is; absorbed' by pigments in .the light 
harvesting complex and' is re-emitted at a longer wavelength (Marra, 2002). Light 
energy is absorbed by the light harvesting complex, which 'has a Chla molecule at its 
centre,.referred to as the reaction centre, This· reaction centre is surrounded with.other 
Chla molecules, Chlb and Chic molecules and •both PSC and PPC; collectively called 
accessory pigments: Trhe accessory pigments are held in place ·by 'a structure called the 
thylal<Oid membrane; these molecllles are in close proximity and are ·therefore able to 
pass energised electrons between themselves until they reach: the reaction centre 
molecule (Falkowski and Raven, 1997). 
Chla Is the most efficiei1t light harvesting pigment; although the accessory pigments:are 
less efficient they absorb light .at different spectral ranges and therefore. act to increase 
the lightharvesting capability of the reactioncentre, The energy toidrive photosynthesis 
is derived from the conversion of the .photochemical excitation energy to 
e!ectrochemicai' energy in the reaction centre (Suggett et a/: 200 I). This occurs when 
energy is passed to a specialised Chla molecule, which becomes excited {an electron is 
moved from one molecular orbit to another· of higher energy); this specialised molecule 
is termed 1P680 in the photo-system 11 :complex. The photosynthetic electron transport 
sequence is as follows: From the Photo~system 11 reaction centre into the plastoquinone 
pool WQ, PQH2); then to the cytochrome b;{;· from here into a mobile cytochrome (c553) 
and ,finally into photo-system I (Behrenfeld et a!~. 2006): Figure 2.3' shows the electron 
transport sequence as:specified•above. 
When a photon of light is received by the ,pigments in the light harvesting complex it 
can have one ot: four fates: :photochemistry (kp); 'heat production (~). spill over to 
photo-system I (k,) and fluorescence (kr): The relationships between the fluorescence 
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signal and the photon efficiency of photosynthesis assumes that the fluorescence signal 
is one of four pathways for the deactivation of excitation energy, as discussed above. It 
is assumed that the fluorescence signal emanates entirely from photo-system 11. At 
room temperature most of the fluorescence signal emanates from the Chla in photo-
system II (e.g., 99% at the emission peak at 680nm) (Krause and Weis, 1991 and 
Suggett et al., 2007). 
Stroma 
Figure 2.3: Showing the primary components of a photosynthetic membrane and the 
photosynthetic electron transport sequence. Figure taken from Behrenfeld et al. ocean carbon and 
biogeochemistry workshop 2006. 
Given the four pathways of energy absorbed by the light harvesting complex the 
fluorescence yield (<l>F) can be determined as per equation 2, when the proportion of 
photo-system II reaction centres that are open and ready to receive photons (p). 
<I>F = 
kr (2) 
Therefore, when the all reaction centres are said to be 'open' and ready to receive 
photons the p will either be 0 or unity and then the minimum fluorescence yield will be 
measured (F0 ). 
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kr (3) 
When all the reaction centres are closed and unable to receive the photon (p = I), this is 
achieved using a saturating flash light source. The photochemistry pathway is no longer 
available and therefore the energy must be emitted through the other three pathways. 
The main pathway is that of heat (Suggett et al., 2007) but the fluorescence yield also is 
increased, this is termed the maximum fluorescence yield (Fm). 
kr (4) 
Figure 2.4 shows the fate of absorbed light through the four different pathways, when 
(A) the reaction centre is open and ready to receive light for photochemistry and (B) 
when the reaction centre is closed. 
A 
8 
PSII Antenna 
U~"­cnci:r~y ...., ""'-. 
lr~ "-eniv~y " ""'-. 
kt 
•,~ kh ~ks 
' k~ 
PSII 
PSII 
Figure 2.4: Diagram showing the fate of absorbed light in the photo-system 11, (A) when the 
reaction centre is open and ready to receive light energy. (B) when the reaction centre is closed 
and not available to receive light. The four pathways are fluorescence (kr), dissipation through 
heat (kh). spill over into photo-system I (k.) and utilised for photochemistry (kp). Schematic 
taken from Suggett et al., 2007. 
The quantum yield of photochemistry of photo-system 11 is described in equation (5) 
below (Krause and Weis, 1991). 
ct>P= k (5) 
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Therefore the quantum yield of photochemistry or the photochemical efficiency of 
photo-system II can be described by equation 6. 
Photochemical 
efficiency 
k (6) 
Equation 6 shows the photochemical efficiency as the FviFm parameter, where Fv is the 
variable fluorescence yield resulting from the subtraction of Fo from Fm. This parameter 
equates to the percentage of active reaction centres and a higher value depicts healthier 
phytoplankton with greater photochemical efficiency. 
The fluorescence yield can be reduced, often referred to as quenched, due to a 
competing pathway for the deactivation of an excited Chla molecule. There are two 
types of fluorescence quenching; firstly the loss of fluorescence due to photochemistry, 
termed photochemical quenching (QP of PQ) and secondly the loss of fluorescence due 
to other factors, · such as thermal dissipation, this is termed non photochemical 
quenching (QN or NPQ). In the dark then the fluorescence yield recovers from both 
types of quenching, the photochemical quenching recovers quickly, within seconds, and 
the non photochemical quenching takes up to 30 minutes (Geider et al., 1993). 
2. 7 Fast Repetition Rate Fluorometry (FRRF) 
The fast repetition rate fluorometer was developed at the Brookhaven National 
Laboratory (BNL) USA (Kolber & Falkowski, 1993). The FRRF technique Exploits the 
variable fluorescence phenomenon to determine phytoplankton photosynthetic activity 
and pammeter values, rapidly and non-destructively, in situ, in aquatic environments. 
The main chamcteristics are described by Kolber and Falkowski ( 1993 ), Kolber ( 1998) 
and Kolber et al. (1998). The FRRF works by providing high frequency sub-saturating 
flashes of blue light (centred at 470nm) to saturate photo-system 11 in a single turnover 
of most photo-system IT reaction centres. The FRRF provides flashes at approximately 
27500 !!mol photons.m-2.s-1 over a period of 150- 400 I!S to obtain Fm (Suggett et al., 
2007). The emanating fluorescence signal is passed through a filter centred at 685nm 
and measured by a photomultiplier. The fluorescence signal increases with each flash 
until the photo-system is satumted and the maximum fluorescence yield is reached, see 
Figure 2.5. As the excitation wavelength is at 470nm and the detected fluorescence 
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signal is at 685nm the FRRF is measuring the efficiency of the light harvesting complex 
only by the Chla molecules . 
• L____Fo J- f=J-
Saturation (~OOps) Relaxation (~OOOJ.1s) 
Figure 2.5: Showing the saturation sequence of the fast repetition rate fluorometer, time is on the x-axis and 
fluorescence on the y-axis. The saturation duration is approximately 200~-~S, during which the photo-system 
is saturated and the maximum fluorescence yield is reached. The relaxation phase is approximately 2000Jls 
in duration and gives the tum over time of the photo-system (t). 
Figure 2.5 shows the parameters measured by the FRRF instrument and these are as 
follows: initial fluorescence yield (Fo) measured after the first flash; the maximum 
fluorescence yield (Fm) measured once the photo-system has reached saturation; the 
variable fluorescence yield (Fv) calculated by subtracting the F0 from the Fm values; the 
effective cross sectional area of photo-system ll (crps11, in units of xl0-20m2.photon-1); 
and the turn over time of photo-system Il (•, in seconds). The cross sectional area of 
photo-system ll is calculated by the slope during the saturation phase. High values of 
crpsn indicate larger effective cross sections; a higher efficiency of the antenna in 
intercepting photons; and a more rapid saturation of the photo-system. Lower values of 
crps11 indicate lower cross sectional areas; lower efficiencies of the antenna in 
intercepting photons; and a longer time period to saturate the photo-system (Falkowski 
and Raven, 1997). 
The FRRF produced commercially by Chelsea Technologies Ltd. has two chambers: a 
light chamber that measures parameters in the ambient light and are denoted with the 
prime symbol ('); and a dark chamber where water passes through. If the instrument is 
profiled slowly the phytoplankton recover from the photochemical quenching and the 
difference between the two chambers is the non photochemical quenching. 
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2.8 Bio-optical Relationships 
Global and regional models of primary production (Platt, 1986; Morel, 1991; 
Behrenfeld and Falkowski, 1997) have used Chla derived from satellite ocean colour 
data as the principal variable for phytoplankton biomass. Chla is both the major light-
harvesting pigment and an essential component of plant photo-systems (both PSI and 
PSil) but it is an inexact proxy for biomass because of the variability of the 
Carbon:Ch1a ratio (Geider et al., 1997). The pigment assemblage differs for different 
PFTs, comprising PSCs and PPCs, both of which can be involved in the regulation of 
the quantum efficiency of photosynthesis. Individual PSCs and PPCs have been used 
as diagnostic pigments: for example Fucoxanthin (PSC) for Diatoms; Peridinin (PSC) 
for dinoflagellates; Zeaxanthin (PPC) for prokaryotes. These are useful, but not 
definitive indicators. The detection of PFT specific colour signatures in remotely 
sensed ocean colour spectra could provide data on the biornass of PFTs, for use in 
models or for validation of model results. The absorption spectra of PSCs and PPCs 
are different (Bidigare et al., 1990) but generally the diagnostic PSCs have broadly 
similar absorption spectra differing only in fine-structure and rendering the bio-optical 
approach non-specific. Ocean colour data has been interpreted in terms of PFTs mostly 
by empirical approaches (Gregg et al., 2003; Sathyendranath et al., 2004; Alvain et al., 
2005, Hirata et. al., 2008). 
Margalef ( 1967) discussed the organisation of plankton, species diversity and 
productivity linked to phytoplankton pigments (Cbla in relation to carotenoids) and 
optical properties. It was reported that Chla was more quickly synthesised and 
decomposed than other pigments and responded more rapidly than other pigments to 
external changes in the opportunity for growth. Pigment composition was a good 
indicator of the state of populations, since it covered not only taxonomic composition, 
but also the physiological state of the plankton. The optical ratio increased from the 
coast to offshore and was particularly low in estuaries and plankton blooms. 
Schluter et al. ( 1997) and Holmboe et al. ( 1999) showed that the fraction of carotenoids 
was greater in nutrient starved cultures (i.e. low Chla!fP). Jeffrey and Hallegraeff 
( 1980) reported that 0480/0665 (approximating to the carotenoid/Chla ratio) was 
between 2.5 and 3.0 for living cells with higher ratios for older cells. 
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In a seasonal study in the WEC, Aiken et al. , (2004) showed that ChlaffP increased 
from a minimum value (::::0.43) in mid-winter to a maximum in the peak of the spring 
bloom (::::0.61) and diminished from a secondary maximum in the peak of the autumn 
bloom (::::0.65) to the mid-winter minimum; in both periods the ChlaffP was linearly 
correlated with integrated photon flux (PAR) for the previous few days. In the summer 
stratified period with nutrient depletion in the surface layer, the ChlaffP ratio was low 
(except in mini-blooms) associated with episodic nutrient pulses, possibly from sub-
thermocline sources. There were direct linear relationships between pigment ratio 
Chla/TP, the optical ratio a676/a443 and Fv!Fm. Aiken et a! (2004) concluded that 
phytoplankton synthesise Chla preferentially to other pigments in conditions beneficial 
for growth; i.e. the ChlaffP ratio was greater when plants were growing actively. 
Other observations of pigments, optical and photosynthetic parameters derived by 
FRRF have shown similar inter-correlations (e.g. Aiken et al., 2000; Suggett et al., 
2001; Suggett et al., 2006; Moore et al., 2003; Moore et al., 2005; Aiken et al. , 2004; 
Smyth et al., 2004). The iron enrichment experiments, JronEx 11 (Behrenfeld et a!, 
1996) and SOIREE (Boyd & Abraham, 2001) pioneered the use of the FRRF, showing 
links between FviFm and phytoplankton pigments. So, globally ChlaffP varies from 
- 0.2 in nutrient (and Fe) depleted zones to > 0.7 in high-biomass blooms, with Fv!Fm 
ranging - 0.2 to 0.65; 0.23 to 0.55 in IronExll and 0.37 to 0.57 in the WEC. 
2.9 Benguela Ecosystem Study 2002. 
A diverse data set of bio-optical properties from the upwelling, nutrient-rich, eutrophic 
Benguela ecosystem and the offshore mesotrophic area have been analysed for 
correlations between the dominant PFTs (diatom, dinoflagellate or small flagellates), 
pigments ratios and photosynthetic parameters, observed at discrete stations (Fishwick 
et al., 2006). This data set was collected as part of the calibration and validation of 
Sea WiFS (NASA) and MERIS (ESA) sensors on the BenCal cruise, taking place during 
the first two weeks of October 2002. 
Diatoms and dinoflagellates (Chla range >2.0 to 25 mgm-3) dominated the on-shelf 
nutrient-rich stations in recently upwelled water with temperan1re ranging between 
12°C and 15°C. Nitrates were close to depletion at a few stations in and around St 
Helena Bay and silicates were never near depletion. It would seem that in this dynamic 
upwelling region at this time, the re-supply of nutrients was sufficient to avoid 
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depletion, and with moderate FJFm (-Q.51) it would seem unlikely that phytoplankton 
growth was limited. Flagellates were most abundant offshore (SST > 16°C) where N03 
levels were low (generally < I ~ol.r1) and silicate abundant (1.7 - 7.1 J.lmol.l-1) but 
with low values of FviFm (0.25 - 0.31 ). The distribution of PFTs agreed with the 
conclusions of Mitchell-Jnnes & Pitcher (1992) that the dominant PFTs in the Benguela 
ecosystem were determined by the water temperature and Chla concentrations. It was 
observed that each PFT (diatoms, dinoflagellates and flagellates) had different 
physiological characteristics that were exploited during the developing chronology of 
the upwelling cycle, but it was not clear if the community structure was defined by the 
nitrate levels as suggested by Barlow et al., 2004. In nitrate limitation, phytoplankton 
have been shown to increase light harvesting pigments in relation to reaction centre 
proteins and reduce the number of PSII reaction centres in relation to the light 
harvesting complex (Kolber et al., 1988; Falkowski et al., 1989; Geider et al., 1993; 
Berges et al., 1996). This resulted in an increased crpgu and light harvesting with the 
energy funnelled to a smaller number of PSII reaction centres. Flagellates in nitrate 
limited conditions have larger crps11 than diatoms, which thrive in high nitrate waters. 
The low FJFm in the flagellate dominated stations is consistent with this, as Fv/Fm is a 
measure of the functional PSII reaction centres and these are reduced in nitrate limited 
conditions (Kolber et al., 1988). 
As observed in many other ecosystems (Aiken et al 1995; Trees et al., 2000; Aiken et al., 
2004) Chla had a robust relationship with total pigment, accessory pigment and accessory 
carotenoids; R2 was >0.96 to -Q.99. In the Benguela, the relationship for the flagellate 
dominated populations differed from the others. Chla/TP ratios were not constant (ranging 
from 0.45 to 0.62) but increased with increasing Chla. The highly significant Chla/TP to 
Chla and Fv!Fm to Chla relationships validate the hypothesis that phytoplankton synthesise 
Chla preferentially in conditions conducive to growth (surplus nutrients and adequate light). 
A taxonomic preference was shown for flagellates in low nutrient, higher temperature 
regimes and for Diatoms in high nutrient, lower temperature regimes. This conclusion is 
consistent with the high energy requirement of Chla synthesis and maintenance and that 
plants readily de-synthesise Chla when growth conditions are unfavourable (Margalef, 
1967). The alternative hypothesis, that plants synthesise accessory pigments preferentially 
when light, nutrients and photosynthesis are limited, is logical. The observed linear 
correlations between Chla/TP and Fv!Fm provide additional support for the hypothesis: 
phytoplankton with a higher fraction of Chla had higher rates of photosynthetic quantum 
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efficiency.IFhe iron enrichment:experirnentsJronExll {Behrenfeld·erat, 1996), and SOIREE 
(B()yd 8p Abniham, 2001~; also :showed .significant correlations, between Chla/TP and 
·Fv/Fm (I\ \ken, •tiilpllblishedld!ltl!.). 
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3.1 Sampling Protocols 
The lA station is sampled every Monday with the exception of bad weather or technical 
difficulties. It is mainly sampled using the Plymouth Marine Laboratory's main 
research vessel the R.V. Plymouth Quest; but on occasion the R.V. MBA Sepia is used 
(see figure 3.1). The R.V. Plymouth Quest is a stern trawler with a length of2l.5m and 
a beam of 6.4m; the MBA Sepia has a length of 15.4m and a beam of 5m. Once on 
station the Plymouth Quest deploys the optical rig from its starboard crane with a 
maximum reach of 4m and the MBA Sepia deploys the optical rig via the A frame on 
her stem. 
Figure 3.1: Showing the R.V. Plymouth Quest (A) and the R.V. MBA Sepia (B). 
The orientation of the vessel to the sun is critical to the optical instrumentation being 
deployed; the rig must be placed between the sun and the vessel to prevent ship shading 
of the instruments (see Figure 3.2). The optics rig consists of several instrument 
packages: a Sea-Bird 19+ CTD with ancillary Chelsea Technologies Ltd. MiniTracka 
fluorometer, Chelsea Technologies Ltd. FastTracka (Fast Repetition Rate Fluorometer, 
FRRF) including a depth sensor and a Photosynthetically Active Radiation (PAR) 
sensor, WET Labs Inc. AC9+ complete with ancillary Volume Scattering Function 
meter (VSF3), and the final system comprises of a Satlantic Inc. seven band irradiance 
meter measuring downwell ing light and a seven band radiance meter measuring 
upwelling light. Bolh sensors are logged using a Datalogger 800 with tilt & roll and 
depth sensors attached (see Figure 3.3). 
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8 A 8 B 
Sea Surface 
Ship Shading/ 
Figure 3.2: Showing the orientation in relation to the sun of the two vessels during optical deployments 
(A) also showing the shading of the optical rig if the ship is placed between the rig and the sun (B). 
The instruments are turned on prior to deployment and the rig is deployed to a depth of 
5m at which it is left for five minutes to allow the instruments to settle and stabilise 
before profiling. The rig is then lifted to just under the surface and then slowly (5m per 
minute) profiled to a depth of 50m and raised to the surface at the same rate. Once the 
rig deployment has been completed, the surface water samples are collected for analysis 
in the laboratory. Five 10 litre carboys are rinsed and filled, and then stored in a large 
cool box with a 500rnl brown glass bottle that is used to collect surface water for 
Coloured Dissolved Organic Material (CDOM) analysis. The glass bottle is contained 
within its own insulating foam inside the large cool box. The vessels then steam back to 
port and deliver the water for analysis as .quickly as possible (usually within 1 hour of 
collection). 
3.2 Hydrographic Sensors 
3.2.1 Sea-Bird 19+ CTD and Chelsea Technologies Ltd. MINI1racka 
A Sea-Bird 19+ CTD (Serial Number: 4180 and 4307) is mounted vertically on the 
optical rig during deployments. This sensor measures temperature (accuracy o.oos·q, 
conductivity (accuracy 0.0005S/m), depth (accuracy 0.1% of full scale range) and 
calculates salinity internally in practical salinity units (PSU). Connected to one of the 
ancillary channels of the Sea-Bird is a Chelsea Technologies Ltd. Ml.Nf"lcJca 
fluorometer. This instrument is an analogue sensor which is logged by the Sea-Bird 
19+ in voltage units. The files are downloaded after each deployment and processed 
using the Sea-Bird software provided with the instrument. 
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3.2.2 Sea-Bird data processing: 
• Firstly the files are run through the Data conversion program, which 
applies the relevant calibration file to the data, producing calibrated 
values for temperature, conductivity, pressure and fluorescence (arbitrary 
units). 
• The files are then run through the Filter program, which filters 
temperature and conductivity with a time constant of 0.5 seconds to force 
them to have the same response. Also filtering pressure with a time 
constant of I second to increase pressure resolution for loop edit. 
• The files are run through Align CTD to advance temperature relative to 
pressure by +0.5 seconds. 
• Loop edit is then used to remove scans where the CTD is moving less 
than O.lm/s. 
• Salinity, depth and density are now calculated using the Derive program. 
• The files are then split into downcast and upcast files using the Split 
program. 
• The upcast file is used and the data are binned into 0.5m bins using the 
Bin average program. 
• Finally the files are converted to Ascii files using the ascii out program. 
This data forms part of the Western English Channel Observatory and is therefore 
uploaded to the public website each week. The data can be viewed at: 
www. westernchannelobservatorv.org.uk 
3.3 Fast Repetition Rate Fluorometry (FRRF) 
A Chelsea Technologies Ltd. F AST'racka (Ser. No.l820 18 and I 0) is deployed 
horizontally on the top of the optics rig with depth sensor and 2n PAR sensor. Tubes 
are fitted to the dark chamber to prevent light from entering and slowing the passage of 
water through the sensor (see Figure 3.3). The excitation source is a bank of LEDs with 
peak emission at 4 78nm, con figured for I 00 saturation flashes of duration 1.1 J.IS with 
2.8Jls interval between flashes. The fluorescence signal is detected at 668nm and 8 
sequences are averaged per acquisition. The instrument is deployed in auto-ranging 
mode to allow for differences in the fluorescence signal through the water column. The 
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rig is deployed slowly to give maximum time for gain changes and the gains used 
during the deployments are always 16,4 or 1. Blanks of0.2f.J.m filtered seawater are run 
monthly by placing the FRRF vertically into a black bucket containing filtered seawater 
(see Figure 3.4). The instrument is set to take a sequence of a 100 acquisitions in each 
chamber for all gain settings (Cullen & Davis, 2003). All data have been processed 
using the V6win code provided by Sam Laney, including blank and instrument response 
function corrections as specified by Laney (2003). 
dark chamber 
Chelsea Technologies 
MINJTRAcKA, Fluorometer 
Sea Bird J 9+ CTD 
Battery pack 
Chelsea Technologies 
photosynthetic available 
radiation (PAR) sensor 
Wet Labs AC9+ 
Wet Labs Volume Scattering 
Function (VSF) meter 
Figure 3.3: The optical instrumentation rig deployed at the lA station. Out of view on the back arm is 
the irradiance and radiance sensors complete with the data logger. Showing the plastic tubes fitted to 
the dark chamber to prevent light from entering the chamber and to slow down the passage of water. 
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Figure 3.4: Showing the FRRF upturned in a black bucket of0.2!!m filtered seawater taking 
blank measurements at all gain settings. 
Once the data had been processed for each sampling date the results required for the 
analysis to coincide with the other surface measurements was extracted. During the 
winter period when the water column is well mixed and the surface light levels are low 
the FRRF data is averaged from below the quenched zone at the surface to 30m. Once 
the water column has become stratified the FRRF photosynthetic parameters need to be 
averaged for the surface mixed layer. The temperature and density plots are used to 
calculate the mixed layer depth and then the FRRF data between the mixed layer depth 
and below the depth of any fluorescence quenching are averaged. On some dates the 
fluorescence signal was quenched to a depth below the surface mixed layer and 
therefore no data could be used in the analysis for this sample date. 
3.4 Water Sample Collection 
I) IOL carboys are provided in a large cool box (6 carboys in each) 
2) Each carboy clearly displays the depth of the required water sample 
3) A small amount of water from the required sample is used to rinse each carboy twice. 
4) Each carboy is then filled slowly by placing the tube provided into the bottom of the 
carboy. Care is taken not to agitate the sample any more than necessary. 
5) All carboys are placed in the cool box. 
3.5 Phytoplankton Pigments 
The PML method, based on the method presented by Barlow et al. (1997) was 
developed to successfully resolve important pigments for a variety of water types, 
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ranging from estuaries to oligotrophic oceans. The water is returned to the lab in the 
large cool box thus keeping the temperature stable and the sample in the dark at all 
times. Once in the lab 1 litre of water is vacuum filtered through a 25mm Whatman 
GF/F filter and then the filter is folded, placed in a cryo-vial and immediately stored in 
Liquid nitrogen (Mantoura et al., 1997). Samples are analysed in yearly batches at the 
end of each annual cycle. 
A maximum of 10 samples are extracted at any one time. They are placed into 15ml 
centrifuge tubes labelled 1-10 and the corresponding tube and filter identities are 
documented. A 90% HPLC grade acetone (v:v with Millique water) extraction solvent 
is used with an amount of apo-carotenal internal standard similar in concentration to the 
pigments in the sample. The concentration of the apo-carotenal is determined by 
spectrophotometric analysis and then the solution is stored at -20°C. Prior to extraction, 
this solvent is removed from the freezer and allowed to warm at room temperature for a 
period of 20 min. This allows for more accurate volumes when pipetting. 2ml of 
solvent are added to each centrifuge tube using an eppendorf Multipette plus pipette. 
Each filter is opened up in the tube using a spatula, which is wiped with acetone 
between each sample. The caps are then firmly screwed onto the centrifuge tubes to 
prevent any evaporation. All the tubes are then placed into a small cool box containing 
crushed ice and covered to keep dark for a period of 30 min. They are then removed 
one at a time and ultra sonificated using a Sonics Vibra Cell VC130PB with an output 
of 50 W for 30 seconds. During this time the sample tube is held in a beaker of crushed 
ice to reduce any heating effects. The sample tube is then placed back into the cool box 
and the probe is wiped down with acetone ready for the next sample. Once all the 
samples have been ultra sonificated they are left in the ice for a further 30 min. After 
this the solvent from each sample is transferred to 1.5rnl centrifuge tube and centrifuged 
at 14,000 rpm for a period of 2 min in an eppendorf microcentrifuge. The time in the 
centrifuge is kept to a minimum to prevent any unnecessary heating as the centrifuge is 
not cooled. The supernatant from each sample is then transferred into an amber HPLC 
vial and stored at -20°C until analysis later the same day. 
Sample extracts are placed into the Thermo Separations AS3000 programmable auto 
sampler, which is cooled to 0°C. A hypersil MOS-2 CS 3Ji column is incorporated into 
the auto sampler and heated to 25°C. The method used requires that a clean vial is 
inserted into the auto sampler after each sample vial. Prior to injection, the auto 
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sampler is programmed to vortex mix 300 f.Jl of extract with 300 f.Jl of I M ammonium 
acetate buffer. I OOf.ll of the extract-buffer is injected onto the column. The pigments 
are separated using a spectraSYSTEM P4000 quaternary pump delivering a solvent 
flow of 1 ml.min-1, a binary solvent method is employed comprising of 70:30 HPLC 
grade methanol: 1 M ammonium acetate (solvent A) and 100% methanol (solvent B). 
The linear gradient of these solvents through the column is shown in table 3.1. 
Table 3.1. The solvent gradient incorporated by the PML method, time in minutes and percentages of 
solvents A and B at each time interval. 
Step Time A[%] B [%] 
Start 0 75 25 
2 1 50 50 
3 20 30 70 
4 25 0 lOO 
End 32 0 100 
Once separated the pigments are detected usmg a UV6000LP photo diode array 
detector. Detection wavelengths are 440 run for chlorophylls and caroteniods and 667 
nm for chlorophyllide and pheo-pigments. The detector also collects spectral data from 
350-800 nm for each pigment. ChromQuest v2.51 software automatically integrates the 
peaks and identifies the pigments, the chromatograms are then all manually checked for 
both integration and pigment identification. 
The first three and last three samples of any run are a Chla working standard, the 
concentration of which is calculated spectrally and recalculated regularly. After the first 
three and before the last three chlorophyll samples three samples of internal standard are 
run, the concentration of which is also measured spectrally and checked regularly. This 
standard practice allows the reproducibility of the HPLC to be monitored for any drift in 
the retention times or the peak areas and hence the response factors. Also as triplicates 
of chlorophyll and internal standard are run both before and after the samples it is 
possible to monitor any drift during the course of the run. As mentioned above the flow 
rate of the machine is checked manually and the column temperature is also checked on 
a regular basis as temperature changes could cause drifting retention times. 
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The chromQuest software outputs integrated peak areas and pigment identifications as 
already mentioned above these are checked manually for all samples. Peaks are 
reintegrated where necessary and the pigment identifications are checked using both 
retention times and their absorption spectrum. The peak areas are then inputted into an 
excel spreadsheet along with a mean internal standard peak area. This is calculated 
from the six internal standard injections, three at the beginning and three at the end of 
each run. Also the corresponding response factors for each pigment are inputted into 
the spreadsheet. The individual pigment concentrations (Cpi) in ng.r1 are then 
calculated as: 
(1) 
where Api is the peak area of the pigment, R'pi is the response factor for the pigment, Bd 
is the ammonium acetate buffer dilution (2), Vi is the volume injected (0.1 ml), Ye refers 
to the extraction volume (m!), V r refers to the volume of water filtered (!), Ams is the 
mean peak area of the six internal standard injections, and As is the peak area of internal 
standard in the sample. 
The pigment data was assessed for consistency and quality using the relationships 
between the total pigment with both chlorophyll a and the accessory pigments (Aiken et 
al., 1995 and Trees et al., 2000). It can be seen from Table 3.2 that the relationships are 
strong with percentage variance explained of 0.98, 0.95 and 0.87 for the relationships: 
chlorophyll a against total pigment, Accessory pigments against total pigments and 
Accessory pigment against chlorophyll a respectively. 
Table 3.2: The results for the relationships between the phytoplankton pigments; total 
pigment, chlorophyll a and accessory pigments for the whole five year data set. 
Independent Dependent Relationship R N 
Total Pigment Chlorophyll a y = 0.598x - 0. I 006 0.98 258 
Total Pigment Accessory Pigments y = 0.43lx + 0.1134 0.95 258 
Chlorophyll a Accessory Pigments y = 1.2753x- 0.1286 0.87 258 
As part of the ongoing quality assurance for the pigment analysis the author was a 
participant in the NASA SeaHARRE II pigment inter-comparison. The Second 
SeaWiFS HPLC Analysis Round-Robin Experiment (SeaHARRE-2)(2005): NASA 
Tech. Memo 2005-212785, NASA. 
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3.6 Particulate Absorption (P ABs) 
The absorption coefficients of total particulate and detrital material retained on GF/F 
filters were measured (before and after pigment extraction using NaClO 1% active 
chloride) from 350-750 run at a 1 run bandwidth using a dual beam Perkin Elmer 
spectrophotometer retro-fitted with a spectralon coated integrating sphere, following the 
methods of Tassan and Ferrari ( 1995). One replicate of each sample was filtered in the 
laboratory and preserved in liquid Nitrogen for analysis within 3 months after 
collection. 
The spectrophotometer was calibrated usmg Holium Oxide filters every year. 
Correction for pathlength amplification on the filters was carried out using the methods 
of Tassan and Ferrari (1998) on both the particulate and detrital fractions. 
Phytoplankton absorption coefficients were derived from the difference between total 
particulate and detrital fractions. Further details of the measurement protocol can be 
found in Blondeau-Patissier et al. (2004). Non algal pigment (NAP) slopes (SNAP) 
were calculated using an offset exponential fit from 350 to 550 nm as in Babin et al. 
(2003). 
3.7 Nutrients 
3.7.1 Sample CoUection 
I) Take a water sample from the surface; this should be from a clean pumped supply, or 
from the sampling CTD Rosette bottle; 
2) put on gloves; 
3) Take some surface water sample direct from the rosette bottle or the pump supply 
straight into one of the sample bottles (labelled), and fi ll with about 20-30 mls of 
seawater, swill the bottle and discard, do this three times to clean the bottle. Then fill 
the sample bottle and screw the lid on. Label as to where it was sampled, depth etc. 
Ensure this is kept clean at all times. Put the sample bottle into the cool box; 
5) Return the water samples back to land in the cool box provided. 
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3.7.2 Nutrient Analysis 
3.7.2.1 Phosphate 
The analytical method (K.irkwood, 1989) is based upon the production of the phospho-
molybdinum-blue complex by reaction with molybdate and ascorbic acid, and the 
catalyst of potassium antimony tartrate. The pH needs to be kept <1 in order to avoid a 
competitive reaction from silicate. 
3.7.2.2 Silicate 
The analytical method (K.irkwood, 1989) here involves the reaction of inorganic silicate 
with the ammonium molybdate to form mainly silicomolybdic acid. This is reduced by 
the ascorbic acid to form a silico-molybdenum blue complex. The oxalic acid ensures 
that there is no competitive reaction from phosphates. 
3.7.2.3 Nitrate 
The analysis (Brewer & Riley, 1965) is for the total of nitrate and nitrite ions. The 
reaction is for the reduction of nitrate to nitrite, using a copper/cadmium column, in an 
ammonium chloride solution (pH = 8.5). The nitrite ions react with an acidic 
sulphanilamide solution to form a diazo compound. This is then reacted with the N-1-
naphthylethylenediamine dihydrochloride(NEDD), to form a reddish purple azo dye. 
The concentration of nitrate is obtained by subtracting the nitrite concentration from the 
combined concentration obtained here for the total of nitrate plus nitrite. 
3.7.2.4 Nitrite 
The chemistry is the same as the nitrate channel for nitrite analysis. 
3.8 Meteorological Station 
The weather station is situated on the roof of the Fitzroy building (50° 22.55' N, 004° 
08.34' W), approximately 50m above mean sea level and 15m above ground level. 
Wind measurements from North round to East should be treated with caution as they are 
affected by a taller building in that quarter. 
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The solar meter is a highly sensitive pyranometer used to measure the intensity of the 
total global solar radiation received at the Earth's surface. When connected to the A WS, 
two measurements are acquired. Firstly, the basic 1 minute spot sample is used to add to 
the Total Solar Radiation statistical values (units W.m-2). The university data is collated 
in 24 hour periods and saved by date, the irradiance data within these files is stored as 
averaged values for each 10 minute period. The data has therefore been integrated and 
summed to calculate the total daily irradiance (MJ.m-2) . Additionally this has then been 
smoothed by applying a running five day average to the dataset, culminating in a value 
for each day that is an average of the previous five days total daily irradiance (MJ.m-2). 
The second is a pseudo sensor, which is allocated its own channel and records 
"Sunshine Hours". This channel has a resolution of one minute and will over a report 
period indicate the number of minutes that the solar radiation has exceeded a pre-set 
value. The current threshold for the definition "sunshine" as opposed to "daylight" is 
210 W.m-2• 
For wind speed the anemometer is based upon the three cup rotor, with an accuracy of± 
I% over 3n1.S-1• Starting velocity of 0.4m.s-1 maximum designed wind speed 75m.s-1• 
Wind direction, transducer- continuous rotation wire wound potentiometer. 
Rainfall measurements are from a tipping bucket rain gauge, the model in use tips at 
0.2mm per tip. Each tip is logged against time and date, and readings shown in the 
.DAT file are cumulative readings with the amount re-set at midnight 
3.9 Phytoplankton Counts and Carbon 
Phytoplankton preserved in Lugol 's iodine and formalin was settled in sedimentation 
chambers. Diatoms, autotrophic dinotlagellates, flagellates and picoplankton (0.2- 2 
mm) were identified and counted to species level (where possible) using an inverted 
microscope (Utermohl, 1958). The dimensions of individual species were measured 
using an ocular micrometer, and cell volumes estimated by approximation to the nearest 
geometric shape (Kovala and Larrance, 1966). Cell volume was converted to cell carbon 
content for diatoms and dinoflagellates using equations of Strathmann ( 1967), and for 
flagellates using equations of Verity et al. (1992). Chrysopbytes are a class that 
encompasses silicoflagellates (order Dictyocbales) and the picoplankton (Jeffrey and 
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Vesk, 1997). Silicoflagellates were included m the microscopy flagellate counts, 
whereas picoplankton was counted separately. 
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4.1 Introduction 
The I.A station is I 0 nautical miles south of Plymouth (50.25°N 04.217°W) with a 
nominal depth of 50m. The site is tidal (Pingree, 1980) with a maximum range of 5.4m 
and a maximum tidal stream of 0.55m.s-1 with a small net flow to the east (Pinkerton et 
al., 2003). The station is affected by land influences such as fresh water run off from 
the Tamar, transporting CDOM and suspended inorganic and organic material 
(Cherukuru, 2004). The run off from the Tamar is also high in nitrates (Rees, 
unpublished data). The station is subjected to a climate typical of northern temperate 
waters with more than a 5-fold variation in average daily solar radiation (Figure 4.8) 
between the mid-summer and mid-winter months. The solar radiation has high 
variability both daily and weekly resulting from cloud cover. 
4.2 Hypothesis 
I. The L4 station is well mixed through the winter months and then 
permanently stratified from spring to early autumn. 
II. The rivers Tamar and Plym cause freshwater plumes that occasionally 
are large enough to affect the L4 station. 
Ill. Nutrients are surplus during the winter but become limiting during the 
summer with some re-injections. 
IV. The station is dynamic and the environmental drivers (irradiance, water 
temperature and nutrient concentration) have different patterns each year. 
4.3 Seasonal Variability 
During 2001, a conductivity, temperature, depth and fluorescence (CTDF) sensor 
manufactured at PML was used, but unfortunately the temperature data is the only 
reliable parameter and therefore the only one presented here. Figure 4.IA shows the 
temperature contours at L4 during 2001; it can be seen that the period (Jan-May) had a 
well mixed water column ranging in temperature between 8.9°C to I 0°C (All values 
taken from actual data not from interpolated contours shown in figures). From May the 
water column starts to stratify and increase in temperature; the surface temperature 
reaches a maximum of 17.3°C during early July. The water colwnn remains stratified 
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until October when the water column is re-mixed and reduces in temperature until 
December when the temperature of the water column is 11 °C. The total daily irradiance 
shown in Figure 4.1 B has the expected sine wave shape albeit with oscillations; the data 
shown is an average of the previous five days and the dates plotted coincide with the IA 
sampling dates. The total daily irradiance starts to increase from the 18 Apri l and 
reaches a peak on the 25 June with a total daily irradiance of27.8MJ.m-2• After this, the 
irradiance level reduces considerably for a two week period reaching as low as 9MJ.m-2 
on the 9 July. Unfortunately, the nutrient data was sparse through the early part of the 
year so the decline from the winter high to the nutrient depleted conditions following 
the spring bloom can't be seen. The Nitrate + Nitrite can be seen to fall from 5.5f.Ullol.r 
1 on the 18 April to 1.5 f.UllOLr' five days later on the 23 April, which coincides with the 
increase in the total daily irradiance. The nutrients remain low throughout the summer 
period with small injections as on the 9 July, which is the same date as the decrease in 
the irradiance value. On this day the data collected at the University of Plymouth shows 
a total 12.2 mm of rain fell , this was an exceptional event as the maximum for the whole 
year was 14 mm in one day. The nutrient data shows a small ramp up through 
November and December. 
In January 2002 a SeaBird 19+ with a Chelsea Technologies MINitracka replaced the 
existing CTDF and therefore the salinity, density and fluorescence could be reliably 
plotted and discussed. Figure 4.2A shows the temperature contours at the L4 station 
through the 2002 annual cycle. It shows that the water column starts to stratify during 
May with the maximum surface temperatures during August and September, reaching a 
maximum on the 7 August of 17 .2°C. The stratification breaks down in early October 
and the temperature falls gradually down to less than 13°C in December. The lowest 
temperatures can be found during the earlier part of the year between January and 
March with the temperatures in 2002 falling to 10.1 °C in early March. Figure 4.2B 
shows the salinity contours for 2002; showing reduced surface salinity during May and 
June reaching as low as 34PSU in the surface layer. The salinity reduces in the surface 
layer in November and December indicating a fresher surface layer. Figure 4.2C shows 
the Density contours, which show the stratification of the water column with less dense 
water in the top layers. 
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Figure 4.1: {A) the temperature (0C) contours at the lA station during 2001 and (B) the nutrient data (Blue 
= Phosphate {xlO), Green = Nitrate + Nitrite and Brown= Silicate all measured in Jllllol. r 1) for the surface 
(3m) and the Total Dai ly Irradiance {MJ.m.2) measured at the University of Plymouth metrological station. 
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Figure 4.2: (A) the temperature ("C), (B) the salinity (PSU), (C) the density (kg.m"3) and (D) the fluorescence 
(Volts) contours at the lA station during 2002. Also showing (E) the nutrient data (Blue= Phosphate (xlO), 
Green= Nitrate+ Nitrite and Brown= Silicate all measured in J.lmol.r1) for the surface (3m) and the Total Daily 
Irradiance (MJ.m"2) measured at the University of Plymouth metrological station. 
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Figure 4.2D shows the Chla fluorescence plotted in units of volts, the higher voltages 
indicate greater Chla abundance. The highest Chla fluorescence is during late May and 
early June at a depth of between 30 and 40m. The fluorescence data shows that the 
largest variation in Chla is in the I 0 - 20m depth range, showing five blooms 
throughout the summer period. Figure 4.2E shows the total daily irradiance averaged 
for the previous five days during 2002, with low light levels in the winter months and 
higher light through the summer period. The highest period of irradiance was the five 
days leading up to the 22 July with an average total daily irradiance of 24.4MJ.m·2• 
Also shown is the nutrient data, Figure 2E, which unfortunately is again limited during 
the early winter - spring period. This shows a decline in all three nutrients from mid 
April to mid May and the nutrient levels remain low throughout the summer until they 
start to rise in late September. The summer values are approximately 10% of the winter 
period values. 
Figure 4.3A shows the temperature contour plot for 2003; the period of coldest water at 
the lA station is found during March when water temperatures fall below 9°C. The 
water column starts to stratify during late April and into May with the hottest 
temperatures found in the surface layer during August and early September, reaching 
maximums of l7°C. The Salinity for 2003 is displayed in Figure 4.38 and it can be 
seen that during this period the salinity structure was highly changeable. A fresher layer 
can be seen in the surface during January, which coincides with periods of rainfall, and 
the water column has a period of higher salinity during the end of April. The density 
during 2003 can be seen in Figure 4.3C, this shows the water column stratification with 
the period of least dense water occurring in the surface layer during August and 
September. The fluorescence data is displayed in figure 4.3D and shows two main 
blooms, the first and largest bloom during early April, which extends throughout the 
water column. The second bloom is during late July and is concentrated between 5 and 
25m. A smaller bloom can be seen in late September between 5 and 15m. The 
irradiance data for 2003 can be seen in Figure 4.3E, again this follows the expected sine 
wave shape with some oscillations. The peak period of total daily irradiance is for the 
five days previous to the 16 June with average total daily irradiance values of 
27.6MJ.m·2• Figure 4.3E also shows the nutrient data for 2003; the nutrients can be 
seen to be high during the winter months, January to March, with large variations 
between 4- l2J.UTiol.r1• The nutrients then decline through late March and April with a 
significant nutrient injection into the surface layer on the 7 May. The nutrients then 
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remain low throughout May - July, in early August the Silicate and Phosphate increase 
but there is no real increase in the Nitrate + Nitrite. During September all nutrients start 
to increase to higher winter levels. 
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Figure 4.3: (A) the temperature COC), (B) the salinity (PSU), (C) the density (kg.m"3) and (D) the fluorescence 
(Volts) contours at the lA station during 2003. Also showing (E) the nutrient data (Blue= Phosphate (xlO), 
Green= Nitrate+ Nitrite and Brown = Silicate all measured in Jli110l.r1) for the surface (3m) and the Total Daily 
Irradiance (MJ.m-2) measured at the Unive~ity of Plymouth metrological station. 
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Figure 4.4: (A) the temperature (0 C), (B) the salinity (PSU), (C) the density (kg.m'3) and (D) the fluorescence 
(Volts) contours at the L4 station during 2004. Also showing (E) the nutrient data (Blue= Phosphate (x lO), 
Green = Nitrate+ Nitrite and Brown= SiJjcate all measured in lffilOI.l'1) for the surface (3m) and the Total Daily 
Irradiance (MJ.m-2) measured at the University ofPlymouth metrological station. 
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Figure 4.4A is the temperature plot for the 2004 annual cycle at L4; it shows that the 
coldest period again is March with temperatures falling below 9°C. Stratification starts 
in April and the warmest temperatures are experienced during August when the surface 
layer reaches l7°C. Figure 4.4B shows the salinity data for 2004, showing periods of 
reduced surface salinity in the winter months with the lowest salinity during December. 
During August the water column displays a plume of higher salinity water extending 
from the bottom up to I Om. Figure 4.4C shows the density data for 2004, showing the 
stratification in the water column during the summer months with the least dense 
surface water during August. Figure 4.4D is the fluorescence data for the 2004 annual 
cycle, unfortunately there are large sections of missing data. The data shows a bloom 
during July, concentrated between 10 and 15m. Figure 4.4E shows the total daily 
irradiance, however again the data has large gaps in June and July. The data that exists 
shows evidence of the sine wave shape with low winter irradiances and high summer 
irradiances. Also shown on the figure is the nutrient data, this shows high nutrient 
levels through the winter with reducing levels through April and remaining low 
throughout the summer with four small nutrient injections through June, July and 
August. During September and October the nutrient levels rise back to the winter 
levels. 
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Figure 4.5: (A) the temperature eq, (B) the salinity (PSU), (C) the density (kg.m-3) and (D) the fluorescence 
(Volts) contours at the lA station during 2005. Also showing (E) the nutrient data (Blue = Phosphate (xI 0), 
Green = Nitrate + Nitrite and Brown = Silicate all measured in !lffiOI.r1) for the surface (3m) and the Total Daily 
Irradiance (MJ.m-2) measured at the University of Plymouth metrological station. 
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Figure 4.5A shows the temperature data for 2005, showing that the water colwnn was 
slightly warmer during the winter months. March still displayed the coolest water 
temperatures falling below 9°C. The water column stratification occurred during late 
April but was at its strongest during September, when surface temperatures reached 
l7°C. Figure 4.5B shows the salinity data for 2005 and shows some stratification in the 
salinity during the summer months with a thin layer of fresher water present at the 
surface during June and July. Figure 4.5C shows the density data for the 2005 annual 
cycle, showing the stratification of the water column with the least dense water found in 
the surface during September, corresponding to the highest water temperatures. The 
fluorescence data is shown in Figure 4.50 and shows a major bloom during early May, 
which extends throughout the water column. A second large bloom can be seen during 
July between 10 and 35m and a small surface layer bloom is present during September. 
Figure 4.5E shows the total daily irradiance values for the 2005 annual cycle. The 
typical sine wave shape can be detected but with large drops in the irradiance levels, 
indicating periods of dull weather conditions. The period with the highest average daily 
irradiance values was the five day period leading up to the 20 June were the average 
daily irradiance levels were 26MJ.m·2• A period of dull reduced light levels followed 
until the irradiance levels reached 24.7MJ.m·2 for the five days leading to the 15 
August. The nutrient data is also displayed in Figure 4.5E and shows a high level of 
nutrients during the winter months, with more stable concentrations than in previous 
years. The nutrient levels decline through April and into May and remain low through 
the summer until they increase during October to the higher winter levels. 
4.4 Freshwater plumes 
Plymouth is bordered both on the east by the river Plym and on the west side by the 
river Tamar, which is the main source of freshwater, with an average flow ranging 
between 5m3s·1 to 140m3s·1 at the mouth of the estuary compared with an average flow 
of lm3s·1 from the Plym (Uncles and Stephens, 1990). The model produced by Siddom 
et al. (2003) indicated that the freshwater flows from the Tamar and the Plym leave the 
Plymouth Sound via a flow from the east of the breakwater and a stronger flow from the 
west. These flows converge and then turn west into Whitsands Bay. Therefore, the 
freshwater plume does not extend out as far as the IA station. This is not consistent 
with the CTD data taken at IA between 2002 and 2005; often showing (between 
September and April) a surface layer with reduced salinity (~lpsu) and temperature. 
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This could be due to land runoff from the Tamar and Plym or possibly due to heavy 
rainfall on the sea surface. Two examples of this would be the 21 January 2004 and the 
6 December 2004 (see Figure 2) . 
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Figure 1.2: (A) the salinity profile taken at the L4 station on the 21 January 2004 and (B) the salinity 
profile taken at the L4 station on the 06 December 2004. 
The nearest weather station, with data available for these dates, to L4 is situated at the 
University of Plymouth some 12 nautical miles North of L4. The records show that on 
the 15 January 2004 there was heavy rain throughout the day reaching 55.2mm.k1• 
This was 6 days before the freshwater layer was measured at the L4 station. Also the 
records show that on the 28 November rainfall was detected all day at 27.6mm.h(1; this 
was 8 days before the freshwater layer was measured at L4. A profile taken at L4 on 
the 29 November showed a well mixed water column. More evidence for the 
freshwater runoff is found in the Total Suspended Material (TSM) data; during both the 
above dates the TSM value was high (1.2mg.m-3). The percentages of inorganic 
material where 85% (Jan.) and 88% (Dec.), this couldn't have been a result of re-
suspension as the pycnocline, i.e. the density layer, would prevent any sediment in the 
bottom layer passing into the surface layer. More work is required on the catchments 
and flow of the Tamar to quantify these findings, but the results are suggestive that the 
freshwater plume does extend out as far as L4 after heavy rainfall events. 
4.5 Inter-annual Variability 
Figure 4.6 shows the surface temperature at the L4 station between January 200 I and 
December 2005, with the values calculated by averaging the top 5m of the water 
column. The data shows that each year the temperature is coolest during the winter 
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(January April) then warms up to a maximum surface temperature of between 17 and 
18°C during August and September. 
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Figure 4.6: Surface temperature (averaged over the top 5m) at the L4 stat1on between January 200 I and 
December 2005. Blue= 2001, Grew 2002, Red 2003, 13lack = 2004 and Violet = 2005 
From Figure 4.6 it can be seen that the temperature during the winter in 2002 dtdn' t fall 
as low as for the other years; minimum temperature found in the surface layer during 
2002 was 10.1 °C as compared with 8-9°C for the other years. It can also be seen that for 
this five year period the maxunum surface temperature is achieved later each year. 
during 2001 the maximum temperature was recorded during July, 2002 early August, 
2003 mid August, 2004 late August and finally in 2005 the maximum surface 
temperature was achteved in early September. The maxtmum surface temperature in 
2005 reached 16.8°C on the 16 September. \\ htch \Vas lower than in other years (200 I = 
17 .2°C, 2002 = 17 .2°C, 2003 = 18.2°C and 2004 - 18.4°C). 
51 
4 
3 
2 
1 
0 
_,__ ... __ .... ~ -1 
-2 ,..-- ..... ---.--- .. 
">-~" ~ ., .p ~ '>.$'" ').) ~ qP 
" 
#' <:f 
Months 
Figure 4.7: Surface temperature (averaged over the top Sm) minus the bottom temperature (averaged over the 
bottom 5m) at the L4 statiOn between January 2002 and December 2005. Green 2002, Red= 2003. Black= 
2004 and Violet = 2005. 
Figure 4.7 shows the difference between the top (0-5m) and bottom (45-50m) water 
column temperatures. Between January and April the water column is generally well 
mixed wtth only small temperature differences. During Apnl and early May weak 
stratification occurs with penods of mtxmg 111 all years except 2004, which has two 
periods of stratification firstly in April with a temperature difference of 1.4°C and then 
in May with a temperature difference of 2. 7°C. These two periods of stratification were 
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the strongest for this period in all years. Between mid May and September the water 
column remained stratified for a11 four years, shown on figure 4.7, although there were 
some periods when the stratification was weak. It can be seen that 2002 had the 
weakest annual stratification with the maximum temperature difference being 2.4°C on 
the 7 August. 2003 had the strongest levels of stratification reaching a maximum 
temperature difference of 4°C on the 16 June, 2004 also peaked in mid June, but then 
dropped. 2005 peaked on the 4 July with a maximum temperature difference of 3.5°C, 
after this date the temperature difference dropped to between 0.5 and 1.7°C making the 
period July to September during 2005 the weakest period of stratification. Between mid 
August and October the stratification starts to reduce causing the water column to be 
fully mixed by October of each year. On the 6 September 2004 a strong stratification 
occurred with a temperature difference of 3.9°C whilst the other years only had 
temperature differences of 1.5°C or less. 
Months 
Figure 4.8: Total daily irradiance (MJ.m.2) , averaged for the previous five days, and taken from the University 
of Plymouth weather station between January 2001 and December 2005. Blue = 2001, Green = 2002, Red = 
2003, Black = 2004 and Violet = 2005. 
Figure 4.8 shows the total daily irradiance values taken from the university 
meteorological station between 2001 and 2005. The general shape of the irradiance 
curve is similar each year; however there are differences caused by cloudiness. During 
January 2002 the irradiance levels were approximately half of the other years, the 
irradiance conditions in 2002 remained the lowest until mid Febmary when they rapidly 
increased from a five day average of 3.2MJ.m-2 to 9.9MJ.m-2 over a one week period 
between 6 February and the 12 February. During 2003 there is a dull period from mid 
February to mid March, which is lower than the irradiance levels found in the other 
years. It can be seen that the light levels were lower during March and April in 2001 
than in the other years, with 2003 and 2005 having the highest light levels during this 
time. The period mid April to mid May 2002 and 2005 have lower irradiance levels 
whereas 2004 has a significant peak, reaching 22.8MJ.m-2 on the 26 April as compared 
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to 18MJ.m-2 for the same period in 2001. Throughout June - September the light levels 
are on average at the highest values although much greater oscillations between high 
light and duller periods can be seen in all years. A significant dull period can be seen at 
the beginning of August and shows a similar pattern in years 200 1, 2002 and 2004, with 
no data available during 2003 and 2005. The highest light levels are found during June 
and July and then a decline down to the winter lows in November and December. It is 
clear from the Figure 4.8 that the light levels found in 2005 were in general higher than 
all previous years during the declining period from August to December. 
.,f" ~ 
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Figure 4.9: The concentration of Nitrate plus Nitrite (~ol.r 1) measured at the L4 station between January 
2001 and December 2005. Blue= 2001 , Green = 2002, Red = 2003, Black = 2004 and Violet= 2005. 
It can be seen in Figure 4.9 that the Nitrite + Nitrate values are much higher in the 
winter months, however only two points are available for 2002 between January and 
April and they indicate that the nutrient levels during this period were only about a 
quarter (~ 2.5~mol.r1 ) of the other years (~8- 12~-tmol.r 1) . There are also only three 
points available for 200 I and these show a reduced concentration as compared to 2003, 
2004 and 2005. During the early part of 2003 the nutrients can be seen to be highly 
variable, varying by as much as SJ.tffiol.l-1 during January and February. The nitrate + 
nitrite levels in both 2003 and 2004 declined between mid February and early March to 
approximately the same levels found in 2005 (~7~mol.r1). The levels between January 
and March during 2005 remained stable with little variation around 8~mol.r 1 • The 
levels of nitrate and nitrite decline rapidly in all years during April, declining to values 
of ~ 1 ~mol.r 1 . This decline in the nutrient levels occurs at slightly different times each 
year; in 2003 the decline started in mid March compared to 2001, which was the latest 
year, only starting to decline in late April. The values throughout the summer months 
(May - August) remain low (mainly 1J.tmol.r1 or less) with some nutrient injections into 
the surface layer. 2001 has noticeable higher levels of nitrate + nitrite throughout the 
summer with the highest levels of nutrient injections, notably on the 19 July with levels 
increasing to 1 .2~mol.r1 . On the 25 August 2004 the nitrate + nitrite increased to 
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2.4~mol.r 1 , which was the largest nutrient injection through the summer months of any 
of the sampled years. During September the nutrient levels in all years started to 
increase, 2004 increased significantly quicker than any of the other years, reaching its 
winter maximum by early October. Other years only reached winter high values during 
November; however 2001 has significantly lower nitrate + nitrite values during this 
period than those found in other years. 
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Figure 4.10: The concentration of Phosphate (~ol.r1) measured at the L4 station between January 2001 and 
December 2005. Blue= 2001, Green= 2002, Red= 2003, Black= 2004 and Violet = 2005. 
The phosphate levels found at the IA station are on average a factor of ten less than the 
nitrate + nitrite values. Again the values between January and May are much lower for 
2001 and 2002, with only a few points measured. 2005 had the highest winter values 
( l-1.4~mol.r1) and in all years the decline to the summer lows was slower than for the 
nitrate + nitrite. 2001 and 2004 decline more quickly, reaching lows by mid April, 
whereas the remaining years only reached summer low values by the end of May. 
Throughout the summer period the phosphate levels in 2005 remained greater than in all 
the other years, significant injections of phosphate occurred during 2004 in late May 
and also in 2003 during August. Between September and December the phosphate 
levels started to rise, 2003 had subsequent nutrient injections during September and then 
steadied out for the remainder of the year. During November 2004 a large phosphate 
injection occurred, from 0.3~mol.r1 on the 16 November to 1.2~mol.r1 on the 6 
December. 
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Figure 4.11: The concentration of Silicate (!lffiol.r1) measured at the L4 station between January 200 I and 
December 2005. Blue= 200 I, Green = 2002, Red = 2003, Black = 2004 and Violet = 2005. 
The silicate levels during 2005 were only measured from 4 May so no data is available 
prior to this date in 2005. The data in all years is much more variable than that of 
nitrate + nitrite and phosphate, again the winter period for 200 l and 2002 show lower 
values than those measured during the same period in 2003 and 2004, albeit with fewer 
data points to compare. 200 l , 2002 and 2004 so a decline in values by mid April 
whereas 2003 and 2005 have higher values of silicate through until mid May. 2005 has 
only a few data points throughout the summer period and these are all significantly 
higher than those measured during other years. An injection of silicate was seen during 
2002 at the end of May, after which the values measured in all years remained low, with 
the exception of 2005, until early August. During August the silicate values increased 
in all years, except 200 l , 2003 and 2004 experienced the largest silicate injections with 
values of 7 and 9.7jlmol.r1 measured respectively. All values started to rise during 
September and in 2002 and 2003 silicate injections were measured during both 
September and November. The largest silicate concentration measured throughout the 
whole time series was on the 18 October 2004 measuring 13.7jlmol.r1• 
4.6 Conclusions 
The L4 station is well mixed through the winter months and then permanently 
stratified from spring to early autumn. 
The weekly CTD profiles taken at the L4 station have produce the contour plots shown 
in Figures 4.1 - 4.5 . This data indicates that the L4 station is well mixed through the 
winter months; however some evidence of fresher water layers on the surface is present. 
The water column starts to exhibit weak stratification during the end of April and into 
early May. This stratification strengthens during the summer months and breaks down 
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between the end of September and into October each year. Figure 4.7 shows the 
temperature averaged in the top 5m minus the temperature averaged in the bottom 5m of 
the water column. This figure confirms the above interpretation of the contour plots. 
Although all years exhibit this pattern; the strength of stratification is different each year 
with periods of stronger and periods of weaker stratification at different times 
throughout the summer months. 
The rivers Tamar and Plym cause freshwater plumes that occasionally are large 
enough to affect the L4 station. 
The Figures 4.1 - 4.5 show contour plots for the salinity data collected at the L4 station; 
these plots indicate significant fresher water intrusions. These are most evident during 
May - July 2002, January 2003, December 2004 and June - July 2005. Significant 
rainfall events occurred during May and early July 2002 with maximums of 19.2 mm 
and 20.2mm in one day on the 17 May and the 2 July respectively. The fresher surface 
layers during the winter periods are also associated with higher rain fall as is the 
intrusion in 2005 with a maximum rainfall event of 23mm in one day on the 26 July 
2005. 
Nutrients are surplus during the winter but become limiting during the summer 
with some re-injections. 
The Nitrate, Phosphate and Silicate nutrients all show high levels during the winter 
relative to the summer periods. Both phosphate (Figure 4.1 0) and silicate (Figure 4.11) 
show much reduced concentrations during the summer months, however the data 
indicates some small peaks in concentration throughout the summer period. The low 
summer values indicate that the nutrient concentrations, especially that of nitrate, 
becomes limiting during periods of the summer. Figure 4.9 shows the nitrate 
concentration, however due to the large difference between the winter and summer 
concentrations the variability during the summer cannot be seen. Figure 4.12 shows the 
nitrate concentrations for the summer period only. It can be seen that this generally 
varies between 0 and 1 Jlmol.r1 with obvious increases and decreases in the 
concentration. For all the nutrients the patterns of high winter and low summer 
concentrations are the same each year, however each of the five years investigated differ 
from each other in the fine structure. 
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Figure 4.12: The concentration of Nitrate plus Nitrite (~mol.l'1 ) measured at the L4 station between April and 
September. Blue= 2001, Green= 2002, Red = 2003, Black = 2004 and Violet = 2005. 
The station is dynamic and the environmental drivers (irradiance, water 
temperature and nutrient concentration) have different patterns each year. 
All the figures shown in this chapter support the hypothesis that each of the five years 
has its own unique set of environmental drivers. As stated previously the patterns for all 
the drivers are the same for each year, e.g. the time-series plots indicate the same shape 
for all the parameters in all years. The differences between years occur in the fine 
structure, periods of cloudy weather cause localised periods of lower irradiance values. 
Storms or bad weather cause the fine thermal structure to be broken down changing 
surface temperatures and nutrient concentrations. 
58 
Chapter 5: Phytoplankton Community Structure 
5.1 Introduction 
The phytoplankton community structure at the L4 station has been sampled since 1993, 
giving an impressive fifteen year time-series. The IA data set also has the advantage 
that the phytoplankton counts and identification has been carried out by Derek Harbour 
since 1993 until his retirement in 2004. At which point Claire Widdicombe was trained 
by Derek Harbour and Claire continues to do the analysis to this day thus maintaining 
consistency throughout the data set. The phytoplankton count technique is a laborious 
and time consuming job for a highly trained specialist, it is therefore not always 
possible for this technique to be utilised in scientific research programmes. Other 
techniques have been and continue to be used to identify PFTs. These include 
identification using diagnostic pigments, Vidussi et al. (200 I) separates out the PFTs 
using diagnostic pigment ratios to assign percentage contributions of each group within 
a sample. Another method is that of CHEMT AX, which uses input matrices of marker 
pigments - Chla ratios to assign the contribution of phytoplankton functional groups to 
the Chla concentration (Mackey et al., 1996). The methods of CHEMT AX and 
phytoplankton counts have been compared previously at the IA station (Llewellyn et al., 
2005 and lrigoien et al., 2004) and it was concluded that both techniques had strengths 
and weaknesses and are most effective when used together. 
The phytoplankton community structure at the L4 station varies between years with 
different functional types dominating year on year. A study of the phytoplankton 
community structure in the waters around Plymouth (including the L4 station) for the 
years 1963 - 1986 showed that the phytoplankton community composition differed 
between years (Maddock et al., 1989). The relationships between temperature and 
individual species of phytoplankton showed that whilst temperature is important the 
triggering mechanism for the first occurrence of a particular species in spring involves 
other factors as well (K.arentz & Smayda, 1984). Boalch et al. (I 978) reported that the 
phytoplankton production and cell counts in the WEC vary from year to year. They also 
concluded that the period and extent of maximum growth depends upon an interaction 
of hydrographic and meteorological conditions. Maddock et al. ( 1989) also suggested 
that the community structure and the dominating species found in the spring bloom had 
some bearing on the seasonal cycle for that year. 
59 
Chapter 5: Phytoplankton Community Structure 
5.2 Hypothesis 
I. The Vidussi et al. (200 l) method for PFT determination using diagnostic 
pigments is an inadequate method for the lA station. 
ll. The phytoplankton community structure and the seasonal succession at 
the L4 station differ each year. 
ill. Chla is both the major light harvesting pigment and an indication of the 
phytoplankton biomass. The relationships between the Cbla 
concentration and the environmental drivers (irradiance, water 
temperature and nitrate concentration) are significant. 
5.3 Phytoplankton Dominant Species Analysis 
There were a total of 186 sample dates that bad coincident pbytoplankton count and 
pigment analysis data. The pigment analysis was carried out using diagnostic pigments 
according to Vidussi et al. (2001) separating out diatoms, dinoflagellates, flagellates and 
prokaryotes. Fucoxantbin indicates diatoms; Peridinin is the marker pigment for 
dinoflagellates; Hex-fucoxanthin, But-fucoxanthin, Alloxanthin and Chlb are used to 
identify the presence of flagellates and Zeaxanthin is the marker pigment used for 
prokaryotes. Community structure was determined using phytoplankton counts and 
assessed in terms of percentage of the total pbytoplankton carbon. 
Out of the total 186 sample dates there were a total of 74 dates when the two methods 
agreed on the dominant type, which represents 40% of the total sample dates. The 
dominant types are identified by a 60% or greater dominance of one type. If no one 
type has a contribution of 60% or more then the sample is classed as mixed. Out of the 
total sampling dates the phytoplankton count method identified 70 dates as mixed 
stations and the pigment method 114 dates, representing 38% and 61% respectively 
(Figure 5.1). It can be seen from the results that the pigment method has less separation 
between the groups than the count method, hence a greater amount of mixed 
communities identified. The count method gives much greater dominance in terms of 
group separation, the 60% or greater was chosen as any value higher than this resulted 
in very few dates having a dominant type according to the pigment method. For 
example, when applying a percentage dominance of 70% or more only 15 samples had a 
dominant type using the pigment method compared to 84 samples with the count 
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method. Other differences can be seen such as the count method identifies 
dinoflagellates dominating (2: 60%) on 20 dates (11 %) whereas the pigment method 
failed to indicate any dinoflagellate dominance. However, on some occasions the 
pigment method did indicate a higher concentration of dinoflagellates but only to a 
maximum contribution of a third of the community. The pigment method only indicates 
the presence of either diatoms or flagellates with only minor contributions from 
dinoflagellates and prokaryotes. Fucoxantbin is the dominant carotenoid at the lA 
station and is the marker pigment for diatoms; also the flagellates are identified by the 
sum of four pigments (Hex, But, Allo and Chi b) where as the dinoflagellates are only 
identified with the carotenoid Peridinin. 
The pigment method, when applied to the L4 data set, indicates that the weightings for 
the contribution of a phytoplankton type are incorrect and therefore don ' t allow 
adequate separation of dominant types. The pigment method identified six sample dates 
as diatom dominated but the count method identified them as flagellate dominated, 
notably the date of the 200 I spring bloom on the 23 April (the highest Chi a recorded 
during the time series). The count method identified these six dates as having 
Phaeocystis sp. dominating, which is reported to contain Fucoxanthin (Liewellyn et al., 
2005) this explains the incorrect identification by the pigment method. The flagellate 
dominated stations are identified using the pigment method and total only 24% of the 
total stations, however the count method identifies 40% of the total stations to be 
flagellate dominated. 
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Figure 5.1: The percentage of each Pbytoplankton Functional Type (PFT) identified at the IA station 
between 2001 and 2005. (A) PIT's identified using the phytoplankton dominant pigment method 
(Vidussi et al., 2001) and (B) PFT's identified from individual cell counts. Yellow= mixed populations, 
Red = Diatoms, Blue = Dinoflagellates and Green= Flagellates. 
5.4 Phytoplankton Bloom Succession 
Over the five years of the time series the bloom success ions have been different year on 
year, with the only species that blooms each year being Karenia mikimotoi. Figure 5.2 
shows the Chla concentration for each year of the time series (2001 - 2005) with the 
dominant phytoplankton species or type indicated. It can be seen that in 2001 (A) a 
small bloom of flagellates - pica-plankton was present during February; this was 
significant given the time of year but only reached 0.9mg.m-3 Chla. On the 23 April the 
main spring bloom occurred with a Chla concentration of 6.4mg.m-3, which had risen by 
approximately 5mg.m-3 since the previous week. The dominant species was the 
flagellate Phaeocystis pouchetii, which represented 72% of the total carbon biomass on 
the 23 April. The diatom, Detonula pumila, bloomed on the 11 June reaching a 
maximum Chla concentration of 2mg.m-3 and dominated the community with 82% of 
the total carbon biomass. On the 9 July a bloom of small flagellates of 5f..lm occurred, 
reaching a Chla concentration of 3.1mg.m-2 and dominating the community with 67% of 
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Figure 5.2: The Cbla concentrations are plotted through the annual cycles of the following years; (A) 
2001, (B) 2002, (C) 2003, (D) 2004 and (E) 2005. The major blooms are identified with either the 
dominating species or the dominating functional type where the phytoplankton count data is available. 
Red = Diatoms, Blue = Dinoflagellates, Green =Flagellates and Black= mixed populations. 
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the total carbon biomass. The dinoflagellate Gymnodinium pygmueum bloomed on the 
1 August with a Chla concentration of 2.4mg.m·3 and dominating the community with 
65% of the total carbon biomass. A similar species of dinoflagellate, Karenia 
mUdmotoi, bloomed a month later on the 3 September with a Chla concentration of 
4mg.m·3 and a dominance of 85% of the total carbon biomass. Figure 5.2A shows one 
further small bloom during 2001 , which occurred on the 5 November, reaching 
1. 7mg.rn·3 of Chla. This bloom was attributed to flagellate and pico-plankton species. 
Figure 5.2B shows the Chla concentration for 2002 with the first bloom of the year 
occurring on the 22 April. This was a small bloom of flagellates (51-lm), which only 
reached a Chla concentration of2mg.m·3. On the 7 May the Chla concentration reached 
5.7mg.m·3, however it is unfortunate that no phytoplankton count data is available for 
this date. Using pigment analysis the bloom is attributed to diatoms due to the high 
levels of fucoxanthin present in the pigment signature, as discussed earlier in section 5.3 
the flagellate Phaeocystis pouchetii also contains fucoxanthin and therefore can be 
mistakenly identified as a diatom. 
Table 5.1: Pigment analysis for the three spring blooms, 2001 , 2002 and 2003. The dates and the 
Phytoplankton Functional Type (PIT) are given except for 2002 were the PIT is unknown. l11e total 
Chla concentration of the bloom is given in mg.m·3• The results of the pigment analysis are given in the 
form of a percentage of the total pigment for Chla (Cbla), accessory pigments (AP, all other pigments 
except Chla), photo-synthetic carotenoids (PSC) and photo-protective carotenoids (PPC). 
Date PIT Total Chla %Chla %AP % PSC % PPC 
23/04/2001 Flagellate, 6.4 62 38 18 10 
Phaeocystis p ouchetii 
07/05/2002 ? 5.7 59 41 16 8 
15/04/2003 Diatom, 5.5 66 34 18 4 
Lauderia annulata 
The dates that the spring blooms in 2001, 2002 and 2003 are shown in Table 5.1 with 
the dominating PFT indicated. As discussed above the PFT could not be identified 
during 2002 as there is no phytoplankton count data for identification. Significantly the 
bloom in 2001 was identified as a Phaeocystis pouchetii bloom and in 2003 the bloom 
was dominated by the diatom Lauderia annulata, the bloom in 2002 is ambiguous with 
fucoxanthin being the main diagnostic pigment indicating either diatoms or Phaeocystis 
pouchetii (a fucoxanthin containing flagellate). Table 5.1 gives the results of the 
pigment analysis for the three dates, giving the percentage of the total pigment 
assemblage of the four groups of pigments. The percentage of the pigment groups in 
the 2002 bloom is more similar to that of the Phaeocystis pouchetii bloom in 2001 than 
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the Lauderia annulata bloom in 2003. The percentage of Chla is similar in 2001 and 
2002 (62% and 59%, respectively), the 2003 bloom had a higher concentration of Chla 
(66%). The accessory pigments reflect the same pattern as the chlorophyll but reversed, 
with the 2003 bloom having less accessory pigment than the 2001 and 2002 blooms. 
The photosynthetic carotenoids are found in similar concentrations in all three blooms. 
The photoprotective carotenoids are most dissimilar group of pigments with the 2001 
and 2002 blooms being similar but the 2003 bloom only having about half the 
concentration. This is a crude method for assessing the likelihood of which PFT could 
be responsible for the bloom in 2002, it can be speculated from this method that the 
bloom on the 7 May 2002 was in fact a Phaeocystis pouchetii bloom. The pigment 
signature of the 2002 bloom more closely matches that of the 2001 Phaeocystis 
pouchetii bloom; however due to the lack of phytoplankton count data the hypothesis 
can' t be validated. On the 2 July a diatom bloom of Ceratau/ina pelagica reached Chla 
levels of 3.2mg.m-3, the diatom dominated the community with 80% of the total carbon 
biomass. The next phytoplankton bloom occurred on the 12 August and was attributed 
to the dinoflagellate Karenia mikimotoi, which dominated the community with 91 % of 
the total carbon biomass. The Chla concentration of this bloom was 1.9mg.m-3. The 
final significant bloom of 2002 occurred on the 1 October and reached Chla levels of 
2.2mg.m-3. The species that was dominant with 97% of the total carbon biomass was 
the flagellate Euglenoid. 
The Chla concentration throughout the 2003 annual cycle, complete with the dominant 
species marked for the significant phytoplankton blooms can be seen in figure 5.2C. 
During mid April two blooms occurred with a separation of only 6 days, fi rstly on the 9 
Apri l a Phaeocystis pouchetii bloom formed reaching Chla concentrations of 3.7mg.m-3, 
five days later on the 14 April the Chla level had fallen to 3.2mg.m-3. The next day (15 
April) the Chla level reached 5.5mg.m-3 with the diatom Lauderia annulata dominating 
the community with 90% of the total carbon biomass. During June and July the 
dinoflagellate Karenia mikimotoi bloomed 6 times with Chla levels between 1.7 and 
2.9mg.m-3. The largest bloom was on the 7 July with a Chla concentration of2.9mg.m-3 
and dominated the total carbon biomass by 62%. On the 29 July a bloom with a Chla 
concentration of 3mg.m-3 formed. The phytoplankton count data revealed that this was 
a 3 way mix of diatoms, dinoflagellates and Coccolithophores. During September there 
were two phytoplankton blooms; firstly on the 3 September with a Chla concentration 
of 2.7mg.m-3 and again being mixed with both diatoms and flagellates forming the 
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community structure. The second bloom occurred on the 24 September with a Chla 
concentration of2.5mg.m·3, this bloom was attributed to a mixture of diatoms. 
Figure 5.20 shows the Chla concentrations throughout 2004 with the mam 
phytoplankton blooms indicated. A small flagellate bloom formed on the 28 January 
with a Chla concentration of 1.7mg.m·3 and was dominated by flagellates of 5J..Lm. The 
main spring bloom in 2004 occurred on the 13 April with a Chla concentration of 
4.1mg.m·3. The bloom was dominated by the flagellate Corymbellus, which dominated 
the community with 92% of the total carbon biomass. The next significant bloom 
during 2004 was on the 6 July with a Chla concentration of 2mg.m·3 and was attributed 
to the diatom Nitzschia delicatissima with 80% of the carbon biomass. On the 9 August 
a Karenia mikimotoi bloom occurred with a Chla concentration of 2.1 mg.m-3 and 65% 
dominance in the total carbon biomass. Two weeks later on the 25 August a bloom with 
a Chla concentration of 3.7mg.m·3 occurred, which was a mixed bloom of diatoms, 
dinoflagellates and flagellates. Finally during 2004 a bloom of flagellates of 5J..Lm 
occurred on the 27 September with a Chla concentration of 2.5mg.m·3. 
The 2005 annual cycle of Chla concentration is shown in Figure 5.2E, including the 
dominant species marked for the major blooms. A small bloom of flagellates, 5 -15 J..Lm 
in size with a Chla concentration of 1. 7mg.m·3 formed on the 29 March. Then on the 18 
April the diatom Rhizosolenia sp. bloomed with a Chla concentration of 2.9mg.m·3. A 
mixed dinoflagellate bloom formed on the 9 May with a Chla concentration of 4mg.m·3. 
Through June and July the Chla concentration remained low (<1mg.m-3) until the 
dinoflagellate Karenia mikimotoi bloomed on the 1 August with a Chla concentration of 
3.1 mg.m-3. The dinoflagellate dominated the community with 81 % of the total 
phytoplankton biomass. This bloom rapidly declined with the Chla concentration one 
week later being 0.7mg.m·3, the chlorophyll levels remained low throughout August. 
On the 12 September a bloom of mixed dinoflagellates occurred with a Chla 
concentration of 2.3mg.m·3 and then two weeks later on the 25 September a bloom of 
diatoms (Thalassiosira rotula) formed with a Chla concentration of 1.8mg.m·3. 
It can be seen from figure 5.2 that the five years addressed during this time series (200 I 
- 2005) all had different annual cycles of Chla concentrations and PFTs, which were 
attributed to those chlorophyll peaks. The spring bloom varied in time (April - May), 
Chla concentration (3 .9 - 6.4mg.m-3) and in the phytoplankton type that dominated. 
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Each year the bloom successions were different with the only species to bloom each 
year being the dinoflagellate Karenia mikimotoi, which bloomed during the months of 
July and August. 
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Table 5.2: The major blooms for each year are shown since 1993, when measurements began, until 2005. 
The dates of the blooms, the total Carbon biomass (mgc.m·\ the phytoplankton functional type (PFT), the 
dominant species and the carbon biomass attributed to the dominant species (mgC.m.3) are all shown. Diat = 
Diatoms, Dino = Dinoflagellates and Flag = Flagellates. 
29/0411996 
20/0511996 
80 
95 
Flag 
Flag 
Dial 
Flag 
Diat 
Flag 
Flagellates 51Jm 
Flagellates 51Jm I Phaeocystis 
pouchetii 
Mixed 
Phaeocystis pouchetii 
Rhizoso/enia de/icatu/a 
Flagellates 51Jm 
Mixed 
Mixed Diat/Flag 
Diat Rhizosolenia stolterfothii 
Dial Mixed Diatoms 
Mam Phytoplankton bloom (07/0512002) not sampled for phytoplankton counts 
41 
89 
113 
34 
41 
27/05/2002 I 09 Flag Phaeocystis pouchetii 95 
02/07/2002 60 Dial Cerataulina pe/agica 48 
12/0812002 333 Dino Karenia mikimotoi 303 
01 / 1. 224 
~~"'!! 
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Although this thesis will be analysing the datasets between the years 2001 - 2005, the 
data for the phytoplankton counts is available back to 1993. Table 5.2 highlights the 
major phytoplankton blooms throughout the whole time series indicating the dominant 
species, total carbon biomass and the carbon biomass attributed to the dominating 
species. It can be seen that in 1993 both the spring and autumn phytoplankton blooms 
were dominated by the diatoms Chaetoceros socialis and Odontella sinensis. The 
largest bloom in 1993 occurred on the 5 July and was dominated by the dinoflagellate 
Karenia mikimotoi (94% of the carbon biomass) with a total carbon biomass of 
564mgC.m-3 almost six times that of the spring bloom. During 1994 a spring bloom of 
diatoms (Rhizoso/enia delicatula) formed on the 4 May followed by a small Phaeocystis 
pouchetii bloom on the I June. Again in 1994 a large Karenia mikimotoi bloom formed 
on the 8 August with a carbon biomass of 538mgC.m-3. No data is available during the 
first part of 1995 and therefore the only major blooms recorded for this year are two 
Karenia mikimotoi blooms on the 24 July and the 7 August. The total carbon biomass 
of these blooms (214mgc.m-3 and l50mgC.m-3, respectively) was significantly less than 
for the same species in the two previous years. During 1996 the levels of total carbon 
were less than in previous years with three blooms, 29 April (flagellate), 20 May 
(flagellate) and 7 August (diatom) all producing less than 1 OOmgC.m-3 (80mgC.m-3, 
95mgC.m-3 and 9lmgC.m-3 respectively). Finally a bloom of Karenia mikimotoi 
formed on the 2 September reaching a total carbon biomass of 44lmgC.m-3. 1997 was 
an exceptional year with five major blooms all of which recording total carbon 
biomasses of greater than 100mgC.m-3, the largest bloom was on the 4 August and was 
a Karenia mikimotoi bloom with a carbon biomass of 720mgC.m3, which was the 
largest bloom of the time series. A Phaeocystis pouchetii bloom was the first major 
bloom of 1998 with a total carbon biomass of 133mgC.m-3, after which there followed 
three smaller blooms. The spring bloom in 1999 occurred on the 12 April and was 
mixed between a diatom, Lauderia annulata (70% of the biomass) and the flagellate 
Phaeocystis pouchetii (23% of the biomass). One week later on the 19 April the 
dominance within this bloom had reversed, Lauderia annu/ata constituting 40% of the 
biomass and Phaeocystis pouchetii now dominating with 58% of the carbon biomass. 
After this there were two further blooms of dinoflagellates (Dinophysis acuta) and 
diatoms (Eucampia zodiacus) on the 2 August and the 6 September respectively. On 
the 10 April 2000 there was a small mixed bloom of diatoms and flagellates with a total 
biomass of 72mg.m-3. A bloom of the diatom Rhizoso/enia sto/terfothii formed on the 
22 May with a contribution of61 % ofthe 137 mg.m-3 total carbon biomass. A bloomed 
69 
Chapter 5: Pbytoplankton Community Structure 
of mixed diatoms with a total carbon biomass of 114mg.m·3 formed on the 12 June and 
then finally for 2000 a dinoflagellate bloom of Karenia mikimotoi formed on the 24 
July. The subsequent years from 2001 to 2005 have already been discussed at length. 
The first major bloom event in 200 l, 2002 and 2003 was a flagellate bloom of 
Phaeocystis pouchetii in varying concentrations from 50 - l70mg.m·3. Also it can be 
noted that in all years the dinoflagellate Karenia mikimotoi was present with a 
maximum concentration 425mg.m·3• With the exception of 1998 and 1999 the 
dinoflagellate Karenia mikimotoi bloomed in all years and between 1993 and 1997 the 
carbon biomass associated with this species was larger on average than for the blooms 
occurring between 2000 and 2005. 
5.5 Chla Relationships to Environmental Drivers. 
For this section of the analysis the data set has been subdivided into three sections: late 
winter (January) - spring bloom (L WSB), summer and autumn bloom - early winter 
(December){ABEW). The date of the spring bloom varies each year between 13 April 
and the 27 May; the summer period begins includes the spring bloom and the autumn 
bloom. The autumn bloom - early winter period starts with the autumn bloom and 
continues until December. These divisions have been implemented as no relationships 
could be determined over complete annual cycles. The data divides into these distinct 
periods as the L WSB period is a period of increased productivity from the winter lows 
to the spring bloom. The summer period is dynamic with fluctuations between low 
biomass and large blooms of phytoplankton. Finally the ABEW period is a decline in 
biomass and productivity from the autumn bloom event down into the winter lows. 
Figure 5.3 the relationships of light history (A), temperature (8 & C) and nitrate (D) 
with Chla for the LWSB, the statistical relationships are shown in Table 5.3. The 
exponential relationship of Chla to the light history {the average of the total irradiance 
from the previous five days) is significant (p values of less than 0.05) for all years with 
the exception of 2004. The relationship in 200 1 is different to that of all other years, 
having a much steeper curve with maximum Chla concentration of 6.4mg.m·3 being 
attained at lower levels of solar radiation. Also in 2001 during the late winter period 
with lower solar irradiation, the Chla concentrations were only half that of the other 
years. The phytoplankton bloom in 200 1 was the largest bloom of the five year time 
series and was attributed to the flagellate Phaeocystis pouchetii, which also had the 
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most significant relationship between light history and Chla with 90% of the variance 
explained. No significant relationship between light history and Chla could be 
determined for 2004, with only 21% of the variance explained. 
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Figure 5.3: Relationships between Chla (mg.m'3), total daily irradiance (MJ.m'2, Figure 5.3A), surface 
temperature {"C, Figure 6.3B), surface - bottom temperature ("C, Figure 6.3C) and nitrate 
concentration {1ffi1ol.r1, Figure 5.3D). Data shown for years 2001 (Blue), 2002 (Green), 2003 (Red), 
2004 (Black) and 2005 (Violet) for the LWSB. 
In 2004 a flagellate bloom of Corymbellus developed m mid April reaching Chla 
concentrations of 4.lmg.m-3• 2002, 2003 and 2005 all had smaller flagellate blooms 
form prior to the main spring bloom, which was diatoms in 2003, dinoflagellates in 
2005 and unfortunately unknown for 2002. The relationships between the surface water 
temperature and the Chla concentration for each of the five years are shown on Figure 
5.3B. In 2001 there is a weak relationship with 47% of the variance explained and in 
2002 the relationship had 65% of the variance explained. 2003, 2004 and 2005 had no 
relationship between the surface water temperature and the Chla concentration. The 
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relationships between the surface water temperature minus the bottom water 
temperature against Chla concentration for 2002 - 2005 are shown in Figure 5.3C. 
Table 5.3: The statistics for the relationships between Chla and total daily irradiance (Daily lrrad.), 
surface water temperature (Surf. Temp.), surface minus the bottom temperature (Temp. Diff.) and the 
Nitrate concentration (Nitrate) for the years 2001 - 2005. Statistics correspond to the relationships 
shown in Figure 5.3 
Year Type of Independent Dependent Relationship R n p 
Relationshij! 
Late Winter- Spring Bloom Period 
Y = 0.102e0.218x 2001 Exponential Daily lrrad. Chi a 0.90 10 <0.001 
2002 Exponential Daily lrrad. Chi a Y = 0.604eo.os2x 0.63 8 0.019 
2003 Exponential Daily Irrad. Chla Y = 0.453eo.oso. 0.65 12 0.002 
2004 Exponential Daily lrrad. Chla Y = 0.570e0·077' 0.21 9 0.215 
2005 Exponential Daily lrrad. Chla y = 0.344eo.los, 0.57 17 <0.001 
2001 Linear Surf. Temp. Ch1a Y = 0.569x -4.702 0.47 6 0.132 
2002 Linear Surf. Temp. Ch1a Y = 0.502x -4.247 0.65 1 0.029 
2003 Linear Surf. Temp. Ch1a Y = -0.335x +4.028 0.19 11 0.180 
2004 Linear Surf. Temp. Ch1a Y = 0.628x -4.555 0.05 6 0.670 
2005 Linear Surf. Temp. Ch1a Y = 0.218x -0.828 0.06 15 0.379 
2002 Linear Temp. Diff. Ch1a Y = 1.012x +0.961 0.71 1 0.017 
2003 Linear Temp. Diff. Ch1a Y = 2.432x + 1.183 0.53 10 0.017 
2004 Linear Temp. Diff. Ch1a Y = 3.907x +1.738 0.58 6 0.078 
2005 Linear Temp. Diff. Ch1a Y = 2.164x +0.969 0.58 15 0.001 
2001 Log Nitrate Ch1a y = -3.747Ln(x) + 7.613 0.93 6 0.002 
2002 Log Nitrate Ch1a y = -0.228Ln(x) + 1.173 0.95 4 0.025 
2003 Log Nitrate Chi a y = -0.701 Ln(x) + 2.289 0.60 12 0.003 
2004 Log Nitrate Chi a y = -1.768Ln(x) + 5.007 0.78 7 0.008 
2005 Log Nitrate Ch1a y = -0.874Ln(x) + 2.715 0.74 18 <0.001 
The bottom temperatures are not available for the 2001 annual cycle as the instruments 
were only profiled to 30m during this period. The difference between the surface water 
temperature and the bottom water temperature is an indication of the level of 
stratification in the water column, the higher the number then the greater the 
stratification. It can be seen that the relationship between water column stratification 
and the Chla concentration of the surface water is significant in all years, except 2004. 
The strongest relationship was identified in 2002 with a variance explained of 71%, the 
other three years varied from 53% to 58%. The relationship during 2004 explained 58% 
of the variance, however this relationship wasn't significant at the 95% confidence level 
due to the limited number of data points, but this relationship was significant at the 90% 
confidence level. The relationships found between nitrate and the Chla measured in the 
surface water is shown in Figure 5.30. The relationship between nitrate and Chla is a 
log relationship with the highest Chla concentrations found at the lowest nitrate levels. 
This relationship is significant for all years with 2001 and 2002 having 93% and 95% of 
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the variance explained respectively, 2003 has the weakest relationship with 60% of the 
variance explained. The relationships in 2004 and 2005 explained 78% and 74% of the 
variance respectively. The period of late winter to the spring bloom has a strong 
relationships with the solar irradiance (as solar irradiance increases so does the Chla 
concentration), stratification of the water column (as stratification becomes stronger the 
surface Chla concentrations increase) and the nitrate concentrations (as the nitrate levels 
decrease the surface Chla concentrations increase). With the exception of 2002 and a 
weak relationship in 200 l, the surface water temperature has no relationship to the 
surface Chla concentrations. 
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Figure 5.4, Relationships between Chla (mg.m·\ total daily irradiance (MJ.m-2, Figure 5.4A), surface 
temperature ("C, Figure 5.48), surface - bottom temperature ("C, Figure 5.4C) and nitrate concentration 
(llJllol.r1, Figure 5.4D). Data shown for years 2001 (Blue), 2002 (Green), 2003 (Red), 2004 (Black) and 
2005 (Violet) for the summer period. 
The summer period shown in Figure 5.4 and statistics in Table 5.4 has no strong 
relationships between Chla and irradiance (Figure 5.4a) except in 2005 when 60% of the 
variance was explained with an exponential relationship, which was significant to the 
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99% confidence level. The irradiance values throughout the summer are highly variable 
with maximum values in July (Figure 4.8). The Chla values are also variable within this 
period with a general trend of lower Chla values in higher irradiance conditions. Figure 
5.4b shows the relationships between Chla and the surface layer water temperature. It 
can be seen that no significant relationships exist for any of the years 2001 - 2005. 
There are no strong relationships between Chla and the temperature difference between 
the surface and the bottom during the observed years. Chla and the nitrate 
concentration are shown in Figure 5.4d, it can be seen that no significant relationships 
occur between 2001 and 2005 (Table 5.4). 
Table 5.4: The statistics for the relationships between Chla and total daily irradiance (Daily lrrad.), surface 
water temperature (Surf. Temp.), surface minus the bottom temperature (Temp. Diff.) and the Nitrate 
concentration (Nitrate) for the years 2001 - 2005. Statistics correspond to the relationships shown in Figure 
5.4. 
Year Type of Independent Dependent Relationship Rl n p 
Relations hie 
Summer Period 
2001 Exponential Av. Daily lrrad Chla y = 2.672e.0.040x 0.09 13 0.319 
2002 Exponential Av. Daily Irrad Chla y = 3.287e.0.06lx 0.23 22 0.024 
2003 Exponential Av. Daily lrrad. Ch1a y = 3. 182e .0.059x 0.18 21 0.055 
2004 Exponential Av. Daily lrrad. Chi a y = 3.063e.o.oso. 0.17 13 0.162 
2005 Exponential Av. Daily lrrad. Chla y = 5.168e.o.osox 0.60 15 0.001 
2001 Linear Surf. Temp. Chi a y = -0.081x + 2.554 0.03 8 0.682 
2002 Linear Surf. Temp. Ch1a y = -0.158x + 3.714 0.11 17 0.193 
2003 Linear Surf. Temp. Chi a y = -0.048x + 2.272 0.04 20 0.398 
2004 Linear Surf. Temp. Chla y = 0.120x- 0.359 0.06 15 0.379 
2005 Linear Surf. Temp. Ch1a y = 0.287x- 2.973 0.24 16 0.054 
2002 Linear Temp. Diff. Ch1a y = -0.467x + 1.884 0.25 17 0.041 
2003 Linear Temp. Diff. Chla y = -0.128x + 1.760 0.06 19 0.312 
2004 Linear Temp. Diff. Chla y = -0.138x + 1.711 0.02 15 0.616 
2005 Linear Temp. Diff. Ch1a y = -0.157x + 1.567 0.03 16 0.522 
2001 Log Nitrate Ch1a y = 0.399Ln(x) + 1.854 0.15 11 0.240 
2002 Log Nitrate Chla y = 0.148Ln(x) + 1.523 0.06 18 0.327 
2003 Log Nitrate Chla y = 0.060Ln(x) + 1.687 0.03 17 0.507 
2004 Log Nitrate Chla y = 0.170Ln(x) + 1.662 0.12 16 0.189 
2005 Log Nitrate Chla y = -0.225Ln(x) + 1.004 0.15 11 0.240 
The ABEW period is shown in Figure 5.5 and the corresponding statistics in Table 5.5. 
Figure 5.5a shows the relationships between Chla and the total daily irradiance. As in 
the L WSB a general exponential relationship can be seen for all years. The statistics 
(Table 5.5) indicate that during 2001 the relationship was weak with only 31% of the 
variance explained, 2005 also had a weak relationship with only 48% of the variance 
explained. The years 2002-2004 had stronger relationships, the strongest during 2003 
with 70% of the variance explained. The relationship between Chla and the surface 
temperature (Figure 5.5b) for this period is strong with all years exhibiting a significant 
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relationship (Table 5.5). During 2001 the linear relationship explained 86% of the 
variance and the relationship was weakest during 2005 with 66% of the variance 
explained. 
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Figure 5.5, Relationships between Chla (mg.m'1) , total daily irradiance (MJ.m-2, Figure 5.5A), surface 
temperature ("C, Figure 5.5B), surface- bottom temperature ("C, Figure 5.5C) and nitrate concentration 
(J.U11ol. r 1, Figure 5.5D). Data shovm for years 2001 (Blue), 2002 (Green), 2003 (Red), 2004 (Black) and 
2005 (Violet) for the ABEW. 
Figure 5.5c shows the relationship between Chla and the surface - bottom temperature 
difference; general linear relationships exist but are only significant in 2004 and 2005 
(Table 5.5). The percentage of variance explained is 53% and 81% for 2004 and 2005 
respectively. The log relationship between Chla and nitrate concentration (Figure 5.5d) 
is significant for the years 2001, 2002 and 2005 with 66%, 60% and 85% of the 
variance explained (Table 5.5). The years 2003 and 2004 show no relationship between 
Chla and nitrate. 
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Table 5.5: The statistics for the relationships between Chla and total daily irradiance (Daily lrrad.), surface 
water temperature (Surf. Temp.), surface minus the bottom temperature (Temp. Dill) and the Nitrate 
concentration (Nitrate) for the years 2001 - 2005. Statistics correspond to the relationships shown in Figure 
5.5. 
Year Type of Independent Dependent Relationship RI n p 
Relatlonshie 
Autumn Bloom - Early Winter Period 
2001 Exponential A v. Daily lrrad Chi a y = 0.364eo.no. 0.3i 9 0.119 
2002 Exponential Av. Daily lrrad Chla y = 0_402eo.1261 0.55 12 0.006 
2003 Exponential Av. Daily lrrad. Chla y = 0.584e0·0791 0.70 10 0.003 
2004 Exponential Av. Daily lrrad. Chla y = 0.370eO.I76• 0.61 11 0.005 
2005 Exponential Av. Daily lrrad Chia y = 0.532e0·0691 0.48 14 0.006 
200i Linear Surf. Temp. Chla y = 0.322x- 3.385 0.86 7 0.003 
2002 Linear Surf. Temp. Chi a y = 0.150x- 1.164 0.75 8 0.005 
2003 Linear Surf. Temp. Chla y = 0.115x - 0.820 0.77 8 0.004 
2004 Linear Surf. Temp. Chla y = 0.174x- 1.391 0.83 9 0.001 
2005 Linear Surf. Temp. Chi a y = 0.220x - 1.949 0.66 12 0.001 
2002 Linear Temp. Diff. Chla y= 0.150x + 0.823 0.04 8 0.635 
2003 Linear Temp. Diff. Chla y = 0.354x + 0.887 0.07 8 0.526 
2004 Linear Temp. Diff. Chla y = -0.425x + 0. 797 0.53 10 0.017 
2005 Linear Temp. Diff. Chla y = 1.013x + 1.057 0.8i 12 <O.OOi 
200i Log Nitrate Chi a y = -2.832Ln(x) + 2.777 0.66 10 0.004 
2002 Log Nitrate Chla y = -0.192Ln(x) + 1.010 0.59 9 O.Oi6 
2003 Log Nitrate Chi a y = -0.270Ln(x) + 1.344 0.17 9 0.27i 
2004 Log Nitrate Chla y = -0.774Ln(x) + 2.705 0.11 11 0.3i9 
2005 Loll Nitrate Chi a ~ = -0.329Ln~xl + 1.386 0.85 8 O.OOi 
5.6 Conclusions 
The Vidussl et al. (2001) method for phytoplankton functional type determination 
using diagnostic pigments is an inadequate method for the L4 station. 
Large discrepancies between the two methods have been shown with the data from the 
LA station. Major differences are that the pigment method fails to identify the flagellate 
Phaeocystis pouchetii (due to the photosynthetic carotenoid Fucoxanthin being the 
diagnostic pigment for diatoms but being present in Phaeocystis pouchetii (Liewellyn et 
al., 2005) and never ascribes dominance to the dinoflagellate group. A high percentage 
of the dinoflagellate blooms are attributed to Karenia mikimotoi species, which also 
contains fucoxanthin (Irigoein et al., 2004). When looking at the identification of the 
groups using phytoplankton carbon, calculated from cell counts, major blooms of 
Phaeocystis pouchetii and dinoflagellates occur throughout the time series. A possible 
weakness in the phytoplankton count method is the lack of accuracy when counting 
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small flagellate cells (Liewellyn et al., 2005). Considering the information from the 
results of this investigation the diagnostic pigment method is considered to be invalid 
for this station. 
The phytoplankton community structure and the seasonal succession at the L4 
station differ each year. 
Figure 5.2 shows that throughout the five year data set emphasised in this study no two 
years were the same in terms of the phytoplankton community structure. The only 
similarity is that the dinoflagellate Karenia mikimotoi consistently blooms each year 
between August and the September. This is the period with the highest water 
temperatures. Table 5.2 shows the major phytoplankton bloom events over the whole 
time series (1993 - 2005), it is also evidenced from this that the spring bloom events 
and subsequent seasonal cycles are different each year. The table also shows that the 
dinoflagellate Karenia mikimotoi blooms during the August - September period of most 
years. Also it is apparent that the phytoplankton carbon biomass associated with these 
blooms has decreased over the time series, values of 500 - 700 mgC.m·3 where found in 
the earlier years whilst in the later part only 200-400 mgc.m·3. 
Chla is both the major light harvesting pigment and an indication of the 
phytoplankton biomass. The relationships between the Chla concentration and the 
environmental drivers (irradiance, water temperature and nitrate concentration) 
are significant. 
There is no relationship between the Chla and the environmental drivers over the data 
set as a whole or indeed over annual cycles. The results shown in this chapter indicate 
that generally strong relationships can be found between the L WSB and ABEW periods. 
Some weak relationships and trends could be identified in the summer period; however 
this period generally found no real relationships. The relationships found in each of the 
above periods are specific to each year and become much weaker or non existent if all 
years are grouped together. This is indicative of different PFTs dominating during 
different environmental conditions and each PFT synthesise Chla at in different 
concentrations in changing environmental conditions. 
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Chapter 6: Phytoplankton pigments 
6.1 Introduction 
Marine phytoplankton synthesise pigments primarily to enable them to harvest energy 
from light, some pigments however act to protect the cells from high light levels. The 
main pigment found in marine phytoplankton is Chla; this is used extensively in the 
light harvesting complexes and constitutes approximately half the total pigment {Trees 
et al., 2000 and Aiken et al., 1995). Chla has the highest light harvesting efficiency, 
however Chla has two absorption peaks; the main one is in the blue ( 430 nm) and the 
other is in the red (663 nm). To extend the light harvesting capability of the light 
harvesting complex phytoplankton synthesis other pigments, such as chlorophyll's b 
and c and photosynthetic carotenoids. These accessory pigments serve to extend the 
light absorption range in the blue and the green (Trees et al., 2000). In this study the 
ratios of the various pigments to the total pigment {TP) are used to indicate the 
percentage contribution of that pigment to the total pigment assemblage. The effects of 
changing environmental conditions and differences within these ratios between the 
dominant PFTs has been investigated. 
6.2 Hypothesis 
I. Chla is the main light harvesting pigment and is synthesised 
preferentially in conditions optimal for growth. 
Il. Phytoplankton pigments both absorb light to provide energy for 
photosynthesis and also protect the cells from high light. The 
phytoplankton pigments have strong statistical relationships with the 
environmental drivers 
Ill. The pigment ratios correlate with the two biomass indicators; Chla and 
phytoplankton carbon specific to each year, seasonal period and 
phytoplankton functional type. 
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6.3 Pigment Ratios through the Time Series 
Figure 6.1 shows the Chla concentration through the 2001 annual cycle (6.1A) and the 
ratios of ChlaffP, PSCffP and PPCffP. 
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Figure 6.1: The Chla concentration (mg.m'3) throughout the 2001 annual cycle (A) and the pigment 
ratio's Chla/total pigment (red), photosynthetic carotenoids (blue) and photoprotective carotenoids 
(yellow) also for the 200 I annual cycle (B) 
The Chla concentration of the phytop1ankton during 2001 is shown in Figure 6.1A; 
although the Chla concentration isn't a true representation of biomass it does give an 
indication of phytoplankton concentration. Chla concentration is low during the winter 
months when light levels are reduced, as the light increases into April and May then the 
Chla concentration ramps up steeply. During the summer months when light levels are 
high the limiting factor becomes nutrient availability in the surface layer. During the 
summer peaks in Chla can be seen and are the result of nutrient injections into the 
surface layer, most likely due to mixing events such as storms. Then during early 
September the autumn bloom occurs triggered by mixing of the water column and 
therefore surplus nutrients, after this bloom light levels diminish into the winter months. 
The ratio of Chla to the total pigment concentration is shown in Figure 6.1 B; this 
indicates the fraction of Chla and can be seen to vary throughout the year. The Chla 
fraction varies around an average of 0.56 or 56% of the total pigment with a range 
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between 0.45 and 0.67 (45% and 67% respectively). The lowest Chla fractions are 
found in the winter months when light levels are limited and the highest fractions are 
during bloom events when light and nutrients are not limiting. The Chla fraction 
therefore is lower in the winter months and increases during spring and remains high 
through the summer before declining into the winter. The fraction of PSC to the total 
pigment is also shown in Figure 6.1 B; this fraction is higher in the winter months, 
reaching maximums of 0.31 (31 %) in January and drops during the summer with lows 
of0.16 (16%) in July. During the spring bloom the fraction ofPSC's fell (16%) as the 
Chla concentration started to ramp up (18th April) then as the Chla concentration 
reached a maximum on the 23'd April the fraction of PSC's rose again (19%). The 
fraction of PSC's remained constant until the 141h May even though the Chla 
concentration rose to 6.4mg.m-3 and then fell to 1.4mg.m-3 during the same period. The 
fraction of Chla followed the same trend as the Chla concentration, with the fraction 
increasing and then dropping back down. The fraction of PPC is also shown in Figure 
6.18; this is the lowest fraction of the total pigments with an average ofO.l (10%) with 
the lowest fractions found during the spring and autumn blooms (0.065 (6.5%) and 
0.059 (5.9%) respectively. The highest values are found in the period of increasing 
light levels from the winter into the spring with maximum values of 0.15 (15%) of the 
total pigment and in just prior to the autumn bloom with a value of 0.15 (15%). There 
is some fluctuation throughout the summer period with a general tendency to follow the 
PSC fraction. During 2001 the Chla levels during the spring bloom where 6.4mg.m-3 
and the autumn bloom was 4mg.m·3, however the Chla fraction during the spring bloom 
rose to 0.64 (64%) and during the autumn bloom the Chla fraction rose to 0.67 (67%). 
A 3% difference is significant given the Chla fraction only varied by 22% over the 
whole year. Also the PSC fraction in the spring bloom fell from 18% the week before 
to 15% in the Ch1a maximum, during the autumn bloom the PSC fraction fell from 0.28 
(28%) the previous week to 0.17 (17%) in the chlorophyll maximum. Although the 
Chi a concentration was over 50% higher in the spring bloom the fraction of Chla was 
lower than that of the autumn bloom as was the PSC fraction. The dominant 
phytoplankton differed between the two blooms; the flagellate Phaeocystis pouchetii 
dominated in the spring bloom and the dinoflagellate Karenia mikimotoi dominated in 
the autumn bloom. The different phytoplankton types may explain the differences 
between the Chla and PSC fractions. 
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Table 6.1: The three pigment fractions Chla/total pigment ( chlaffP), photosynthetic carotenoids/total 
pigment (PSCffP) and photoprotcctivc carotenoids!total pigments (PPCffP) for each year, 2001 - 2005 
are shown. For each year the Chla concentration in the spring and autumn blooms (mg.m"3) are shown 
along with the value for each of the pigment fractions. The maximum, minimum, average and standard 
deviation of each fraction for all years are given. 
Pigment Spring Bloom Autumn Bloom Pigment Fraction 
Fraction Chi a Pi~. Fract. Chi a P!ll- Fract. Max. Min. Aver. SD 
2001 
ChlaffP 6.4 0.64 4.0 0.67 0.67 0.45 0.56 0.06 
PSCffP 6.4 0.19 4.0 0.17 0.31 0.15 0.22 0.04 
PPCffP 6.4 0.10 4.0 0.06 0.16 0.06 0.11 0.03 
2002 
ChlaffP 5.7 0.60 2.8 0.56 0.60 0.45 0.53 0.03 
PSCffP 5.7 0.16 2.8 0.23 0.30 0.14 0.23 0.03 
PPCffP 5.7 0.08 2.8 0.08 0.24 0.05 0.11 0.03 
2003 
ChlaffP 5.5 0.67 2.5 0.59 0.67 0.45 0.54 0.04 
PSCffP 5.5 0.18 2.5 0.15 0.28 0.14 .0.21 0.03 
PPCffP 5.5 0.04 2.5 0.08 0.19 0.04 0.10 0.03 
2004 
ChlaffP 4.1 0.64 2.5 0.53 0.64 0.49 0.54 0.03 
PSCffP 4.1 0.15 2.5 0.20 0.29 0.14 0.22 0.04 
PPCffP 4.1 0.09 2.5 0.12 0.17 0.07 0.11 0.03 
2005 
ChlaffP 4.0 0.60 1.8 0.58 0.69 0.52 0.57 0.04 
PSCffP 4.0 0.23 1.8 0.24 0.26 0.14 0.22 0.02 
PPCffP 4.0 0.08 1.8 0.05 0.18 0.05 0.09 0.03 
The maximum Chla concentration in the spring and autumn blooms fell each year, with 
the spring bloom in 2001 having a Chla concentration of 6.4 mg.m-3 and in 2005 only 4 
mg.m·3• The highest Chla/TP fraction was in 2003 with a value of0.67 with the diatom 
Lauderia annulata being the dominating species, the fraction of PSC's was 0.18 and the 
fraction of PPC's was the lowest of all years with a value of 0.04. The values for the 
Chla/TP fraction in the spring bloom are 0.60 or greater for all years, 2002 and 2005 
both have the lowest with 0.60 with 200 I and 2004 both having a fraction of 0.64. The 
range of the fraction of PSC/TP was between 0.15 in 2004 to 0.23 in 2005. The bloom 
in 2005 was a mixed dinoflagellate bloom and bad the lowest Chla concentration of all 
the years and the lowest Chla/TP fraction; however the bloom bad the highest PSC 
fraction of all years. The PPC fractions in the spring blooms ranged from 0.04 (2003) 
to 0.10 (2001) with 2002 and 2005 have a fraction of0.08 and 2004 0.09. During the 
autumn blooms the Chla values where less than those found in the spring blooms, with 
the highest Chla value being 4 mg.m·3 in 2001. The following years had Chla vales in 
the autumn blooms between 2.8 - 1.8 mg.m-3• The Chla/TP fraction in the autumn 
bloom varied between 0.53 (2004)- 0.67 (2001), 2001 was exceptional with the next 
highest value being 0.59 in 2003. The bloom in 2001 was attributed to the 
dinoflagellate Karenia mikimotoi. The PSC fractions where similar to those found in 
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the spring blooms with a range between 0.15 and 0.24, the PPC fractions where also 
similar to those found in the spring blooms with a range of 0.05 - 0.12. 
The range of the Chla/TP fraction for the 2001 annual cycle was 0.22 with a maximum 
of 0.67 and a minimum of 0.45 the ranges for the other years where: 0.15, 0.22, 0.15 
and 0.17 for 2002, 2003, 2004 and 2005 respectively. The maximum during 200 I was 
0.67, which occurred in the autumn bloom, the maximum values for 2002, 2003 and 
2004 all occurred in the spring bloom. During 2005 the maximum Chla/TP fraction was 
0.69 and the spring bloom was 0.60 and the autumn bloom was 0.58, the maximum was 
reached on the 16th May the week after the Chla maximum of the spring bloom. The 
minimum value in 2005 was also higher than all other years at 0.52 against an average 
of 0.47 for all five years. The average values for the Chla/TP fraction ranged between 
0.53 (2002) - 0.57 (2005) and the standard deviations between 0.03 - 0.06. The 
standard deviation during 200 I was 0.06, whereas during 2002 and 2004 it was 0.03 and 
in 2003 and 2005 it was 0.04, the spread of data around the mean was greater during 
2001. The 2001 annual cycle for the Chla/TP fraction had the largest range (equal only 
to 2003) and the data was more widely distributed away from the mean value than for 
any other year. 
The PSCffP fractions had maximum values between 0.26 (2005) - 0.31 (200 I) 
throughout the five years. The maximum values for all years never occurred in either 
the spring or autumn blooms, they did occur at different times throughout the years. 
During 2001 the highest value was on the 8'h January, for 2002 it was found the week 
after a large diatom bloom (Cerataulina pelagica) when the Chla concentration had 
fallen from 3.2mg.m·3 to only 0.39mg.m-3 in a week. ln 2003 the highest PSC fraction 
was on the 14th April, which was between a Phaeocystis pouchetii bloom on the 9th 
April and a diatom bloom (Lauderia annulata) on the 15th April. During 2004 the 
highest PSC fraction was found on the znd August between two small bloom events and 
the 2005 high was on the 20th June, which corresponded to the lowest Chla 
concentration of the year (0.5 mg.m-3). The highest values for the PSC fractions are 
found during periods of low Chla concentration, 2001 was during the winter months 
when light levels are low. 2002 - 2005 all had low PSC fractions during the summer 
months but in growth limiting conditions (most likely nutrient depletion) after major 
bloom events. The Chla/TP fractions for these dates are all low 0.45, 0.52, 0.49, 0.49 
and 0.53 for 2001, 2002, 2003, 2004 and 2005 respectively; the higher values in 2002 
and 2005 are lower than the values found on the weeks prior and after the lows. This 
83 
Chapter 6: Phytoplankton pigments 
may be due to Chla being de-synthesised in periods of light or nutrient depletion as it is 
the most energy costing pigment. The average values for the PSC fraction ranged 
between 0.21 and 0.23 with little deviation from the mean, standard deviations of 0.02 
(2005) - 0.04 (200 1 - 2004). 
The PPCffP fractions had the lowest values, hence making up the smallest component 
of the total pigment, with average values of 0.09 (2005) - 0.11 (200 l , 2002 and 2003). 
The photoprotective pigments protect the cells from high irradiance levels and therefore 
in the temperate regions of the Western English Channel are not necessary in large 
concentrations. However they do fluctuate throughout the year, reaching maximum 
values of 0.24, which is almost 25% of the total pigment. On several occasions the PPC 
fraction can be equal or greater than the PSC fraction, for example the PPC fraction on 
the 20th June 2002 was 0.21 and the PSC fraction was 0.17. This may have been caused 
by a period of high light or a shallow therrnocline trapping the cells close to the surface. 
The fraction of PPC has lows of 0.04 in 2003 and this is during the spring bloom. It is 
important to note that the fractions shown are of the total pigment assemblage so 
although the concentration of the PPC's may remain the same the fraction will decrease 
in the spring bloom for example as the Chla concentration increases. The concentration 
of both PSC's and PPC's mirrors that of the Chla concentration throughout the annual 
cycle; this is shown in Figure 6.2. 
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Figure 6.2: Showing the Chla (green), Photo-synthetic Carotenoids (blue) and the Photo-protective 
Carotenoids (yellow) concentration (mg.m.3) throughout the 2001 annual cycle. 
Figure 6.2 shows that throughout the annual cycle the concentrations of the three 
pigments track each other, they all increase and decrease at the same times throughout 
the year. The PPC's have an average of approximately 0.10 (1 0%) of the total pigment 
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assemblage over the five years and have a standard deviation of 0.03, so the 
concentration remains reasonably constant with little deviation from the mean. 
6.4 Phytoplankton Pigment Ratios and Environmental Factors 
In this section the ratios of Chla, PSC and PPC to the total pigment concentration (TP) 
are investigated. Each of the groups is a sum of all the pigments that fall into that group 
and then by dividing the group by the total pigment concentration it determines the 
percentage contribution of that group to the total. These relationships have been 
investigated over the whole five year time series but no statistically significant 
relationships have been found. Due to the different environmental and phytoplankton 
community structures between seasons and years the analysis has been broken down 
into seasons and years. The seasons are not determined by date but by the spring and 
autumn blooms. The L WSB period is from January to the peak Chla concentration in 
the spring bloom, the summer period includes the spring and autumn blooms and the 
autumn bloom to early winter starts with the autumn bloom and finishes at the end of 
December. Table 6.2 shows the statistical relationships in the L WSB period for each of 
the five year time series, all relationships have been tested but only the relationships 
with an R squared value greater than 0.10 have been shown. The relationship between 
Chla/TP and five day averaged irradiance was found to be a linear relationship with the 
higher irradiance values corresponding to higher Chla/TP values, i.e. Chla constitutes a 
greater percentage of the total pigment at higher irradiance values. The 2001 
relationship explained the highest percentage of the variance with an R squared value of 
0.65, the weakest relationship was found in 2003 with an R squared value of 0.23. 
These relationships suggest that Chla is synthesised to greater degree than other 
pigments during periods of higher irradiance levels. The relationships between the 
surface temperature and the Chla/TP ratio found no significant relationships, only a 
weak relationship in 2001 with an R squared value of 0.23. This suggests a weak trend 
in 200 I with the surface water temperature and the percentage of Chla, but this 
relationship isn't significant. The relationships between the nitrate values and the 
Chla/TP ratio showed that during 2001 the relationship explained the largest percentage 
of the variance with an R squared value of0.85. 
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Table 6.2: Statistical relationships between the three pigment ratios; Chlaffotal Pigment (ChlaffP), 
Photosynthetic carotenoidsffotal Pigments (PSCffP) and Photo-protective carotenoidsffotal Pigments 
(PPCffP) and the environmental factors, five day averaged irradiance (MJ.m-2), surface water 
temperature (0C) and nitrate concentration (j.!mol.l'1). The relationships are the late winter- spring 
bloom period and have been investigated for all five years (2001- 2005) but only the relationships with 
an R squared value of 0.1 or above have been shown. 
Year Independent Dependent 
2001 Irradiance ChlaffP 
2002 Irradiance ChlaffP 
2003 Irradiance ChlaffP 
2004 Irradiance ChlaffP 
2005 Irradiance ChlaffP 
2001 SurfTemp ChlaffP 
200 I Nitrate ChlaffP 
2002 Nitrate ChlaffP 
2004 Nitrate ChlaffP 
2005 Nitrate ChlaffP 
2001 Irradiance PSCffP 
2002 Irradiance PSCffP 
2004 Irradiance PSCffP 
2005 Irradiance PSCffP 
2001 SurfTemp PSCffP 
2004 SurfTemp PSCffP 
2005 SurfTemp PSCffP 
200 I Nitrate PSCffP 
2003 Nitrate PSCffP 
2004 Nitrate PSCffP 
2004 SurfTemp PPCffP 
2005 SurfTemp PPCffP 
2005 Nitrate PPCffP 
Relationship 
y = O.Oilx + 0.448 
y = 0.003x + 0.513 
y = 0.003x + 0.527 
y = 0.007x + 0.504 
y = 0.007x + 0.497 
y = 0.049x + 0.072 
y = -0.023x + 0.687 
y = -0.018x + 0.583 
y= -O.O!Ox + 0.648 
y = -0.007x + 0.619 
y = -0.007x + 0.259 
y = -0.003x + 0.238 
y = -0.005x + 0.235 
y = -0.002x + 0.231 
y = -0.033x + 0.521 
y = 0.025x - 0.042 
y = 0.015x + 0.060 
y = 0.008x + 0.143 
y = -0.005x + 0.264 
y = 0.005x + 0.154 
y = -0.043x + 0.514 
y = -0.013x + 0.209 
y = 0.003x + 0.068 
0.65 
0.50 
0.23 
0.41 
0.53 
0.28 
0.85 
0.41 
0.69 
0.24 
0.44 
0.26 
0.17 
0.11 
0.13 
0.11 
0.30 
0.27 
0.37 
0.12 
0.67 
0.61 
0.20 
n 
12 
20 
25 
10 
17 
8 
6 
7 
8 
18 
12 
20 
10 
17 
8 
7 
15 
6 
13 
8 
7 
15 
18 
p 
0.002 
<0.001 
0.020 
0.046 
0.001 
0.178 
0.009 
0.122 
0.011 
0.039 
0.019 
0.022 
0.237 
0.193 
0.380 
0.470 
0.034 
0.290 
0.027 
0.401 
0.024 
0.001 
0.063 
No relationship was found in 2003 and a weak relationship was found in 2005 with only 
24% of the variance explained with eighteen points. The relationship in 2004 was also 
significant and explained 69% of the variance. The relationships between nitrate and 
Chla/TP had negative slopes so the lower nitrate values corresponded to higher Chla/TP 
values. This is because as phytoplankton grow and synthesis pigments they utilise 
nutrients. 
The relationships between the photosynthetic carotenoids and the irradiance levels have 
investigated and the results shown in Table 6.2. No relationship was found in 2003 and 
the remaining years showed a weak trend of reducing percentages of photosynthetic 
carotenoids with increasing irradiance levels, R squared values ranged between 0.11 and 
0.44. This indicates that in periods of increasing irradiance and growth Chla is 
synthesised preferentially to photosynthetic carotenoids. Weak trends also exist 
between the surface temperature and the PSCffP ratio for 200 1, 2004 and 2005 (R 
squared values of 0.13, 0.11 and 0.30 respectively). 200 I had a negative slope 
indicating that higher ratios of PSCffP were found in the early winter period when the 
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surface water temperatures where lower. The trends shown in 2004 and 2005 indicate 
the opposite, that higher surface water temperatures had higher PSCffP ratios, this may 
be due to differing phytoplankton community structures in different years. The 
relationships between the PSC!fP and the nitrate concentrations again only showed 
weak trends 2001 , 2003 and 2004, with no relationships in 2002 and 2005. 2001 and 
2004 had positive slopes indicating that the relationships gave higher PSCffP ratios in 
periods of higher nitrate concentrations. 2003 showed the opposite with a negative 
slope and therefore higher PSCffP ratios in periods of lower nitrate concentrations. 
The relationships between the ratio of PPC to total pigments (PPC/TP) and the 
environmental parameters were investigated but no relationships could be identified 
between this ratio and the irradiance levels. The was no relationship between the 
PPC/TP ratio and the surface water temperature in 200 1, 2002 or 2003 however a 
significant relationship was identified in 2004 and 2005 with R squared values of 0.67 
and 0.61 respectively. These relationships had negative slopes and therefore indicated 
that the higher the surface water temperature then the lower the PPC/TP ratio. As the 
photo-protective carotenoids are present to protect the cells from high irradiances it 
would be expected that the slope would be positive as higher surface water temperatures 
correspond to higher irradiance levels. It is important to realise that this is a ratio and 
not an absolute pigment concentration, so although the PPCffP ratio declines it doesn't 
indicate a reduced concentration. In fact from the relationships shown the Chla!TP ratio 
is driven mostly be the increasing irradiance, surface water temperature and decreasing 
nitrate concentrations in this period. 
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Table 6.3: Statistical relationships between the three pigment ratios; Chla!fotal Pigment (Chla!fP), 
Photosynthetic carotenoidsffotal Pigments (PSCrrP) and Photo-protective carotenoidsffotal Pigments 
(PPCffP) and the environmental factors, five day averaged irradiance (MJ.m.2), surface water temperature 
("C) and nitrate concentration (l!mol.l'1) . The relationships are for the summer period and have been 
investigated for all five years (200 I - 2005) but only the relationships with an R squared value of 0.1 or 
above have been shown. 
Year lndeeendent Deeendent Relationshie R n e 
2001 Irradiance Chla!fP y = -0.004x + 0.659 0.24 17 0.046 
2001 Surf Temp Chla!fP y = -0.005x + 0.665 0.21 10 0.183 
2002 Surf Temp Chla!fP y = -0.013x + 0.716 0.32 18 0.014 
2005 Surf Temp Chla!fP y = -0.013x + 0.749 0.32 18 0.014 
2001 Nitrate Chla!fP y = 0.053x + 0.558 0.34 15 0.023 
2003 Nitrate Chla!fP y = 0.016x + 0.521 0.13 23 0.091 
2004 Irradiance PSCffP y = 0.003x + 0.196 0.20 14 0.109 
2001 Surf Temp PSCffP y = 0.003x + 0.162 0.11 10 0.349 
2002 Surf Temp PSCffP y = 0.012x + 0.057 0.37 18 0.007 
2005 Surf Temp PSCffP y = 0.004x + 0.176 0.12 18 0.160 
2001 Nitrate PSCffP y = -0.047x + 0.250 0.26 15 0.052 
2004 Nitrate PSCffP y = -0.007x + 0.250 0.46 21 0.001 
2002 Irradiance PPCffP y = 0.006x + 0.024 0.37 31 <0.001 
2003 Irradiance PPCffP y = 0.004x + 0.037 0.33 38 <0.001 
2004 Irradiance PPCffP y = 0.003x + 0.062 0.34 14 0.029 
2005 Irradiance PPCffP y = 0.006x + 0.005 0.50 17 0.002 
2001 Surf Temp PPCffP y = 0.004x + 0.035 0.18 10 0.222 
2004 Surf Temp PPCffP y = -0.008x + 0.248 0.32 17 0.018 
2001 Nitrate PPCffP y = -0.037x + 0.125 0.22 15 0.078 
2002 Nitrate PPCffP y = -0.051x + 0.1 32 0.48 19 0.001 
2003 Nitrate PPCffP ~ = -0.011x + 0.104 0.17 23 0.051 
The summer period is highly dynamic and variable for all years, with several blooms 
and periods of low biomass periods throughout the whole period. This varies between 
years as different conditions and phytoplankton community compositions exist each 
year. The relationships throughout this period are weak and can only be interpreted as 
weak trends. No relationships between irradiance and ChlaffP for the years 2002 -
2005 were identified and only a weak trend is shown in 200 I , with an R squared value 
of 0.24. The slope is shallow and in a negative direction, showing that higher ChlaffP 
values are found in lower irradiance periods. In 2001, 2002 and 2005 weak trends can 
be seen in the relationship of surface water temperature to ChlaffP, with R squared 
values of0.21 , 0.32 and 0.32 respectively. The slope was again negative indicating that 
higher surface water temperatures corresponded to lower Cbla/TP ratios, again these 
slopes are shallow. Weak trends were identified in 2001 and 2003 for the relationship 
between ChlaffP and Nitrate concentration. The ratio of photosynthetic carotenoids to 
total pigments (PSCrrP) had only a week relationship with the three environmental 
parameters. 2004 bad a week trend with the irradiance with an R squared of only 0.20; 
no trends could be identified in any of the other four years. In 200 I , 2002 and 2005 
week relationships existed between PSC!fP and surface water temperature, with a 
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stronger relationship in 2002 (R squared of 0.37, as compared to 0.11 and 0.12 in 2001 
and 2005 respectively). In 2001 and 2004 the PSC/TP ratio had a relationship with the 
Nitrate concentration, with R squared values of 0.26 and 046 respectively. The slopes 
were both negative indicating that as the nitrate levels decreased the ratio of PSC/TP 
increased. This relationship is consistent with the relationship to surface temperature as 
when the temperature increased the PSC/TP increased, which indicates that as the water 
column became stratified the nitrate levels fell as they were being utilised by the 
phytoplankton and PSC/TP increased. When a mixing event happened and the water 
column became mixed then the surface temperature would decrease and the nitrate 
levels increase but the PSC/TP decreased. The photo-protective carotenoid to total 
pigment ratio (PPC/TP) had stronger relationships to irradiance than the Chla/TP and 
PSC/TP ratios. With the exception of 2001, were no relationship could be found the 
other four years had R squared values of between 0.33 and 0.50 with the highest R 
squared value for any relationship in the summer period being between PPC/TP and 
irradiance during 2005. This is consistent with the highest irradiance levels during the 
summer period. A weak relationship was identified in 2001 between the surface water 
temperature and the PPC/TP ratio, a stronger relationship was seen in 2004 with R 
squared values of 0.18 and 0.32 respectively. The relationship between nitrate and 
PPC/TP gave a weak trend in both 200 I and 2003 but a more significant relationship 
was found during 2002 with an R squared value of 0.48. 
During the autumn - early winter period the irradiance and surface water temperatures 
decrease and the nitrate concentrations increase as the summer stratification is broken 
down due to lower irradiance levels and stronger mixing events. Table 6.4 gives the 
statistical relationships identified for this period between the three pigment ratios and 
the three environmental parameters. During the years 2001 - 2004 the relationship 
between Chla/TP and irradiance gave varying strengths with R squared values ranging 
from 0.2 1 to 0.75. The relationship in 2004 was the weakest with an R squared value of 
0.2 1 and then in 2005 no relationship was found. 2001 and 2002 gave significant 
relationships with R squared values of 0.75 and 0.60 respectively. The slopes for the 
relationships in years 2001 - 2003 are positive indicating that when irradiance levels are 
high at the beginning of the autumn the Chla/TP ratio is also high and as the irradiance 
levels decrease into the winter period the Chla/TP ratio also decreases. The slope in 
2004 is negative, however the slope is very shallow and the fit to the data is poor. 
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Table 6.4: Statistical relationships between the three pigment ratios; Chla!fotal Pigment (Chla!fP), 
Photosynthetic carotenoidsffotal Pigments (PSCffP) and Photo-protective carotenoidsffotal Pigments 
(PPC!fP) and the environmental factors, five day averaged irradiance (MJ.m"2), surface water 
temperature ("C) and nitrate concentration (J.ll1lol.l"1) . The relationships are for the autumn- early winter 
period and have been investigated for all five years (2001 - 2005) but only the relationships with an R 
squared value ofO.I or above have been shown. 
Year lndeeendcnt Dcecndcnt Relationshle R n e 
2001 irradiance Chla!fP y = 0.017x + 0.432 0.75 9 0.003 
2002 Irradiance Chla!fP y = 0.005x + 0.500 0.60 12 0.003 
2003 Irradiance Chla!fP y = 0.008x + 0.496 0.45 10 0.034 
2004 Irradiance Chla!fP y = -0.004x + 0.564 0.21 I I 0.157 
2001 Surf Temp Chla!fP y = 0.024x + 0.221 0.76 7 0.010 
2002 Surf Temp Chla!fP y = 0.0 13x + 0.342 0.77 8 0.004 
2003 Surf Temp Chla!fP y = 0.014x + 0.345 0.35 8 0.122 
2004 Surf Temp ChlaffP y = -0.007x + 0.632 0.15 10 0.269 
2001 Nitrate Chla!fP y = -0.135x + 0.779 0.77 10 0.001 
2002 Nitrate Chla!fP y = -0.004x + 0.545 0.44 9 0.052 
2003 Nitrate ChlaffP y = -0.009x + 0.582 0.28 9 0.143 
2001 Irradiance PSCffP y = -O.Ol2x + 0.302 0.78 9 0.002 
2002 Irradiance PSC!fP y = -0.004x + 0.271 0.53 12 0.007 
2004 Irradiance PSCffP y = -0.009x + 0.249 0.19 I l 0.180 
2005 irradiance PSC!fP y = 0.003x + 0. I 93 0.41 14 0.014 
2001 Surf Temp PSC!fP y = -0.0 I 2x + 0.387 0.57 7 0.050 
2002 Surf Temp PSCffP y = -0.007x + 0.352 0.68 8 0.012 
2003 Surf Temp PSCffP y = 0.005x + 0.129 0.31 8 0.152 
2004 Surf Temp PSCffP y = -0.029x + 0.570 0.53 10 0.017 
2005 Surf Temp PSCffP y = 0.006x + 0.142 0.53 12 0.007 
2001 Nitrate PSCffP y = 0.063x + 0.119 0.53 10 0.017 
2002 Nitrate PSCrrP y = 0.002x + 0.246 0.19 9 0.241 
2004 Nitrate PSCrrP y = -0.009x + 0.279 0.27 11 0.101 
2001 Irradiance PPCffP y = -0.004x + 0.123 0.43 9 0.055 
2003 Irradiance PPCffP y = -0.003x + 0.086 0.30 8 0.160 
2004 Irradiance PPCffP y = 0.008x + 0.057 0.59 10 0.009 
2005 Irradiance PPCffP y = -0.002x + 0.092 0.16 12 0.198 
2001 Surf Temp PPCffP y = -0.006x + 0.189 0.64 7 0.031 
2003 Surf Temp PPCffP y = -O.OIOx + 0.211 0.71 8 0.009 
2004 Surf Temp PPCffP y = 0.016x- 0.109 0.73 10 0.002 
2001 Nitrate PPCffP y = 0.032x + 0.043 0.63 10 0.006 
2003 Nitrate PPCffP y = 0.006x + 0.036 0.46 9 0.045 
2004 Nitrate PPCffP y = 0.004x + 0.069 0.16 I I 0.223 
The same pattern can be found in the relationship to surface water temperature. During 
2001 and 2002 significant relationships occur with R squared values of 0.76 and 0.77 
respectively. Trends can be identified in 2003 and 2004 but with low R squared values 
and therefore weaker relationships. The slopes are also positive for the years 2001, 
2002 and 2003, indicating that as the surface water temperature decreases so does the 
ratio of Chla!fP. The relationship between nitrate and Chla!fP varies in strength 
throughout the five years; in 2001 the relationship has an R squared value of0.77. This 
relationship weakens in 2002 and 2003 with R squared values of 0.44 and 0.28 
respectively. The relationship between PSCffP and irradiance shows a strong and 
significant relationship in 2001 with an R squared value of 0.78. This relationship is 
weaker in 2002 and 2005 with R squared values of 0.53 and 0.41 respectively. ln 2004 
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a weak trend can be seen in the data and no relationship can be identified in the 2003 
dataset. A relationship between PSC/TP and surface water temperature was found for 
all five years, this relationship was weakest during 2003 with an R squared value of 
0.31. During 2004 and 2005 this relationship was significant with an R squared value 
of0.53 for both years, 2001 had a slightly stronger relationship with an R squared value 
of 0.57. 2002 had the strongest relationship with an R squared value of 0.68. 2001, 
2002 and 2004 had negative slopes indicating that as the surface water temperature 
decreased into the winter period the PSC/TP ratio increased, this is could be due to the 
Chla in the cell declining much quicker than the photosynthetic carotenoids or and 
possible also the photosynthetic carotenoids are synthesised to expand the light 
harvesting range of the phytoplankton in a decreasing light regime. 2003 and 2005 had 
positive slopes, possibly due to different species of phytoplankton than the ones found 
in 200 I, 2002 and 2004. 
In 2003 and 2005 no relationships were found between nitrate concentration and the 
PSC/TP ratio, weak trends could be identified in 2002 and 2004 with R squared values 
of 0.19 and 0.27 respectively. The relationship in 200 I was statistically significant with 
an R squared value of 0.53. The relationships between the irradiance levels and the 
PPC/TP ratio were identified during 2001, 2003, 2004 and 2005 with varying degrees of 
variance explained; no relationship was identified in 2002. The weakest relationship 
was identified in 2005 with an R squared of 0.16, which can best be described in terms 
of a weak trend in the data. The relationships in 200 I and 2003 had a greater variance 
explained with R squared values of 0.43 and 0.30 respectively. The strongest 
relationship was identified during 2004 with an R squared value of 0.59. The PPC/TP 
ratio has a limited variability over the annual cycle and so the slopes identified are 
shallow, all are negative except the relationship identified in 2004, which is negative. 
During the years 200 I, 2003 and 2004 significant relationships could be established 
between the surface temperature and the PPC/TP ratio. These relationships all were 
statistically significant and had R squared values of 0.64, 0.71 and 0.73 respectively, 
2001 and 2003 both had negative slopes but the 2004 relationship had a positive slope. 
The PPC/TP ratio and the nitrate concentration had no relationship during this period in 
2002 and 2005; it had a weak trend during 2004 with an R squared value of 0.16. 
During 2001 and 2003 the relationship was statistically significant with R squared 
values of0.63 and 0.46 respectively. 
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The relationships between the phytoplankton pigment ratios and the three 
environmental parameters have also been investigated with the dataset being divided 
into the dominant phytoplankton types (diatoms, dinoflagellates and flagellates). The 
data from all years was grouped together and then divided by the dominant type, the 
dominant type was identified when a particular phytoplankton type dominated the 
phytoplankton community structure by 70% or greater. When all years are grouped 
together the flagellate group had a large number of data points as this phytoplankton 
type dominates throughout the winter months. The diatom, dinoflagellate and 
Phaeocystis groups only had between 6 and 12 data points, therefore it wasn't possible 
to further subdivide the data into individual years. The relationship between irradiance 
and PPC/TP for the dinoflagellate group was the only significant relationship identified, 
with an R squared value of 0.52. This was possibly due to the different species each 
year blooming under different environmental conditions. 
6.5 Phytoplankton Pigment Ratios and Biomass 
The relationships between the three pigment ratios and the biomass indicators; Chla 
concentration and phytoplankton carbon have been investigated and the results for the 
Chla/TP ratio are shown in Figure 6.3. The dataset has been divided into annual cycles 
and further divided into seasons the statistical information of each relationship is given 
in Table 6.5; if a relationship had an R squared value of 0.1 or less then it hasn't been 
included. The Figures 6.3A and 8 and the first section of Table 6.5 show the results 
from the L WSB period of all five years. During the 200 I annual cycle the relationship 
had an R squared value of 0.82 with 12 data points, this is a significant statistical 
relationship. During 2002 this relationship wasn't as robust with an R squared of 0.50, 
but still significant, the relationship in 2003 had a weak trend and R squared value of 
0.22. The strongest relationship was recorded in 2004 with an R squared of 0.85 and 
then in 2005 and R squared value of 0.49 was identified. The relationship for all years 
was: y = 0.0364Ln(x) + 0.5485 with an R squared value of 0.28, with the exception of 
2003 all other years had a stronger relationship individually rather than all together. 
Although each of the relationships has similar intercepts the slopes are all different. 
The second part of the analysis is concerned with the relationship between the Chla/TP 
ratio and the phytoplankton carbon concentration; no relationships could be identified 
during 2002 and 2005. The relationship in 2001 has an R squared value of0.65, which 
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Figure 6.3: The statistical relationships by year between the Chla I Total Pigment (Chla/TP) ratio plotted 
against Chla (mg.m-3) and Phytoplankton Carbon (mgc.m·\ over the three seasonal periods Spring, 
Summer and Autumn. Figure 6.3A, Chla/TP vs. Chla for the late winter - spring bloom period. Figure 
6.3B, Chla!fP vs. Phytoplankton Carbon for the L WSB period. Figure 6.3C, Chla!fP vs. Chla for the 
summer period. Figure 6.3D, Chla/TP vs. Phytoplankton Carbon for the summer period. Figure 6.3E, 
Chla!fP vs. Chla for the ABEW period. Figure 6.3F, Chla!fP vs. Phytoplankton Carbon for the ABEW 
period. All statistics are given in Table 6.5. 
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Table 6.5: The statistical relationships between the Chlaffotal Pigment (ChlaffP) ratio versus Chla and 
Phytoplankton Carbon (Carbon), divided by year and season. The data corresponds to the figures in 
Figure 6.3. 
Year lndeeendent Deeendent Relatlonshie R n e 
LWSB 
2001 Chla ChlaffP y = 0.049Ln(x) + 0.565 0.82 12 <0.001 
2002 Chla ChlaffP y = 0.031 Ln(x) + 0.548 0.50 21 <0.001 
2003 Chi a Cb1affP y = 0.022Ln(x) + 0.550 0.22 25 0.018 
2004 Chi a ChlaffP y = 0.058Ln(x) + 0.554 0.85 10 <0.001 
2005 Chla ChlaffP y = 0.049Ln(x) + 0.571 0.49 18 0.001 
2001 Carbon ChlaffP y = 0.036Ln(x) + 0.442 0.65 10 0.005 
2003 Carbon ChlaffP y = -0.008Ln(x) + 0.559 0.11 12 0.292 
2004 Carbon ChlaffP y = 0.042Ln(x) + 0.443 0.58 10 0.010 
Summer 
2001 Chi a ChlaffP y = 0.029Ln(x) + 0.585 0.39 19 0.004 
2002 Chla ChlaffP y = 0.019Ln(x) + 0.523 0.15 31 0.031 
2005 Chla ChlaffP y = 0.041Ln(x) + 0.552 0.38 18 0.006 
2001 Carbon ChlaffP y = 0.035Ln(x) + 0.449 0.28 18 0.024 
ABEW 
2001 Chi a ChlaffP y = 0.086Ln(x) + 0.546 0.91 13 <0.001 
2002 Chla ChlaffP y = 0.018Ln(x) + 0.531 0.31 12 0.060 
2003 Ch1a ChlaffP y = 0.071 Ln(x) + 0.542 0.59 10 0.009 
2001 Carbon ChlaffP y = 0.068Ln(x) + 0.310 0.69 11 0.002 
2003 Carbon ChlaffP y = 0.043Ln(x) + 0.406 0.12 9 0.362 
2004 Carbon ChlaffP y = -0.0 18Ln(x) + 0.585 0.32 11 0.070 
is weaker than the Chla/TP relationship with the Chla. It is important to note however 
that the relationship with phytoplankton carbon has two data points less, as the carbon 
data wasn't available for the 8th and 29th January. The relationship in 2003 had an R 
squared value of 0.11, which indicates a trend in the data however the slope for this 
relationship was negative. Due to the nature of the data the slopes for all the 
relationships between Chla/TP and phytoplankton carbon are shallow, this is due to the 
data ranges (Chla/TP = 0 - I and phytoplankton carbon = 0 - 220). The data for 2004 
gave an R squared value of 0.58, which again indicates a strong relationship that is 
significant. The summer period is different to the other two periods in that it is more 
dynamic with several blooms of different types and species throughout. The conditions 
are mostly stratified but occasional mixing events cause nutrient injection to the surface 
waters and in turn a different succession of phytoplankton, resulting in another bloom 
event. The relationships between the Chla/TP ratio and the Chla and phytoplankton 
carbon concentrations are less robust for this period. During 2003 and 2004 no 
relationships could be determined and in 2002 a weak trend with an R squared value of 
0.15 was identified. The years 200 I and 2005 had stronger relationships with R squared 
values of 0.39 and 0.38 respectively. The relationship between Chla/TP and 
phytoplankton carbon for the summer period was only present during 2001 with an R 
squared of 0.28. No relationships could be found in the other four years. The ABEW 
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period found stronger relationships but only during 2001, 2002 and 2003 for the 
relationship between Chla/TP and Chla concentration, no significant relationships could 
be identified in either 2004 or 2005. 2002 had the weakest relationship with an R 
squared value of 0.31 with 12 data points and then in 2003 the R squared value was 0.59 
with 10 data points. The strongest relationship in this period was found in 2001 with an 
R squared value of 0.91 and 13 data points. The relationship between Chla!TP and 
phytoplankton carbon for the ABEW period was not as strong with no relationship 
being identified during the years 2002 and 2005. The R squared value for the 
relationship in 2003 was only 0.12 indicating a weak trend in the data; the relationship 
in 2004 was stronger with an R squared value of 0.32. The data for the 2001 annual 
cycle gave the strongest significant relationship with an R squared value of0.69. 
The relationships (Table 6.6) between the other pigment ratios PSC/TP and PPC/TP 
with Chla and phytoplankton carbon for the same years and seasons are now discussed. 
The data was much more scattered and only weak trends could be identified in the 
L WSB period during 2002 and 2004 with R squared values of 0.23 and 0.30 
respectively. A stronger relationship was found during 2001, with an R squared value 
of 0.55. For the same period the relationship between PSC/TP and phytoplankton 
carbon showed a weak trends for the years 2001, 2003, 2004 and 2005 with R squared 
values of0.27, 0.29, 0.22 and 0.31 respectively. The relationships between the Chla/TP 
ratio and Chla concentration had negative slopes indicating that the more Chla the lower 
the percentage of PSC in the total pigment concentration. This was also the case in 
200 I and 2004 for the same relationship to phytoplankton carbon; however the 
relationships in 2003 and 2005 had a positive slope. The PPC/TP ratio and the Chla 
concentration showed a weak trend in the data during the year 2002 with an R squared 
value of 0.16. The same relationships to phytoplankton carbon only showed two weak 
trends during 2003 and 2004 with R squared values of 0.15 and 0.11 respectively. The 
relationship during 2005 had a stronger trend with an R squared value of 0.41. All four 
relationships had a negative slope meaning that the percentage of photo-protective 
carotenoids in the total pigment reduced as the Chla levels increased. During the 
summer period the relationships between PSC/TP and Chla showed trends in the data 
during 2001 and 2002, with R squared values of 0.23 and 0.38 respectively. The 
relationship between the PSC/TP ratio and the phytoplankton carbon showed a weak 
relationship during 200 I with an R squared value of 0.12. The same relationship in 
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2004 was stronger, with an R squared value of 0.57; the slope was positive in 2004 and 
negative during 2001 
Table 6.6: The statistical relationships between the Photosynthetic Carotenoidsffotal Pigment (PSCfl'P) 
ratio and the Photo-protective Carotenoids (PPCfl'P) versus Chla and Phytoplankton Carbon (Carbon), 
divided by year and season. 
Year Indeeendent Deeendent Relatlonshij! R n I! 
LWSB 
2001 Chla PSCfl'P y = -0.030Ln(x) + 0.189 0.55 12 0.006 
2002 Chla PSCfl'P y = -0.026Ln(x) + 0.210 0.29 21 0.012 
2004 Chla PSCfl'P y = -0.042Ln(x) + 0.199 0.38 10 0.058 
2001 Carbon PSCfl'P y = -0.012Ln(x) + 0.233 0.27 10 0.123 
2003 Carbon PSCfl'P y = 0.015Ln(x) + 0.184 0.29 12 0.071 
2004 Carbon PSCfl'P y = -0.024Ln(x) + 0.268 0.22 10 0.172 
2005 Carbon PSCfl'P y = 0.016Ln(x) + 0.157 0.31 18 0.016 
2002 Chla PPCfl'P y = -0.013Ln(x) + 0.103 0.16 21 0.072 
2003 Carbon PPCffP y = -0.007Ln(x) + 0.113 0.15 12 0.214 
2004 Carbon PPCffP y = -0.009Ln(x) + 0.125 0.11 10 0.349 
2005 Carbon PPCfTP y = -O.OIILn(x) + 0.120 0.41 18 0.004 
Summer 
2001 Chla PSCfl'P y = -0.0 19Ln(x) + 0.220 0.23 19 0.038 
2002 Chla PSCfl'P y = -0.032Ln(x) + 0.240 0.38 31 <0.001 
2001 Carbon PSCfl'P y = -0.02Ln(x) + 0.297 0.12 18 0.160 
2004 Carbon PSCffP y = 0.036Ln(x) + 0.107 0.57 19 <0.001 
2001 Chla PPCfl'P y = -0.028Ln(x) + 0.107 0.61 19 <0.001 
2002 Chla PPCfl'P y = -0.037Ln(x) + 0.123 0.36 31 <0.001 
2003 Chla PPCfl'P y = -0.033Ln(x) + 0.114 0.37 42 <0.001 
2004 Chla PPCfl'P y = -0.031 Ln(x) + 0.13 0.49 21 <0.001 
2005 Chla PPCfl'P y = -0.049Ln(x) + 0.120 0.45 18 0.002 
2001 Carbon PPCfl'P y = -0.027Ln(x) + 0.212 0.30 18 0.019 
ABEW 
2001 Chla PSCfl'P y = -0.048Ln(x) + 0.229 0.78 13 <0.001 
2002 Chla PSCfl'P y = -0.021Ln(x) + 0.249 0.73 12 <0.001 
2004 Chla PSCfTP y = -0.034Ln(x) + 0.202 0.15 11 0.240 
2005 Chla PSCffP y = 0.031Ln(x) + 0.218 0.50 14 0.005 
2001 Carbon PSCffP y = -0.032Ln(x) + 0.333 0.50 11 0.015 
2002 Carbon PSCfl'P y = -0.009Ln(x) + 0.274 0.63 6 0.059 
2004 Carbon PSCfl'P y = -0.043Ln(x) + 0.314 0.46 11 0.022 
2005 Carbon PSCfl'P y = 0.0122Ln(x) + 0.192 0.64 13 0.001 
2001 Chi a PPCfl'P y = -0.017Ln(x) + 0.097 0.45 13 0.012 
2003 Chla PPCfl'P y = -0.026Ln(x) + 0.068 0.34 10 0.077 
2004 Chla PPCfl'P y = 0.031 Ln(x) + 0.101 0.45 11 0.024 
2001 Carbon PPCfl'P y = -0.014Ln(x) + 0.146 0.34 11 0.060 
2002 Carbon PPCfl'P y = 0.002Ln(x) + 0.074 0.23 6 0.335 
2003 Carbon PPCfl'P y = -0.044Ln(x) + 0.198 0.45 9 0.048 
2004 Carbon PPCfl'P y = 0.027Ln(x) + 0.030 0.64 11 0.003 
2002, 2003 and 2005 showed significant trends in the data with R squared values of 
0.36, 0.37 and 0.45 respectively and they all had negative slopes, indicating that as the 
Chla levels increased then the percentage of photo-protective carotenoids decreased. 
The relationship in 2004 was stronger with an R squared value of 0.49 and the strongest 
relationship with an R squared value of0.61 was found in 2001. Both the 2001 and the 
2004 relationship had negative slopes the same as the other years. For this period the 
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relationship of phytoplank:ton carbon to the PPC/TP was much weaker with a weak 
trend in 2001 with an R squared value of 0.30. The autumn period gave the greatest 
number of relationships. For the relationship between PSCffP and Chla a weak trend 
could be seen in the data with an R squared value of 0.15 during 2004, the relationships 
during 2001 ,2002 and 2005 were stronger with R squared values of0.78, 0.73 and 0.50 
respectively. These relationships showed a negative slope during 2001, 2002 and 2004 
and a positive slope during 2005. The relationship to phytoplankton carbon was 
generally weaker, but still significant (except 2004), than the relationships to Chla with 
relationships being identified in 200 1, 2002, 2004 and 2005 with R squared values of 
0.50, 0.63, 0.46 and 0.64 respectively. Negative slopes were found in 2001, 2002 and 
2004 and a positive slope was found in 2005. The relationship between the PPC/TP 
ratio and the Chla concentration gave relationships during 2001 , 2003 and 2004 with the 
relationships during 2001 and 2004 being the strongest with an R squared value of 0.45. 
The R squared value for the relationship during 2003 was 0.34, 2001 and 2003 had 
negative slopes and the relationship in 2004 had a positive slope. The relationship to 
the phytoplankton carbon gave R squared values of 0.34, 0.23, 0.45 and 0.64 for the 
years 2001,2002,2003 and 2004 respectively. Negative slopes were found in 2001 and 
2003 and a positive slope was found during 2002 and 2004. 
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Figure 6.4: The statistical relationships between the Chla I Total Pigment (Chla/TP) ratio plotted against 
Chla (mg.m-3, Figure 6.4A) and Phytoplankton Carbon (mgC.m-3, Figure 6.4B) for the four phytoplankton 
dominant types; Diatoms (Red), Dinoflagellates (Blue), Flagellates (Green) and Phaeocystis (Black). The 
data for all years are shown. 
The relationship between the Chla/TP ratio and the Chla and phytoplankton carbon 
concentrations shown in Figure 6.4, the data however is divided into the four dominant 
phytoplankton types and not by year and season as before. There are no relationships 
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between the Chla/TP ratio and Chla for the Flagellate group; the Diatom group had a 
weak trend in the data with an R squared value of0.22. 
Table 6.7: The statistical relationships between the Chlaffotal Pigment (PSCfl'P) ratio versus Chla and 
Phytoplankton Carbon (Carbon) for the four dominant phytoplankton types, Diatoms, Dinoflagellates, 
Flagellates and Phaeocystis. 
PFf Indeeendent Deeendent Relationshle RI n e 
Dominant types 
Diatoms Chla ChlaffP y = 0.041Ln(x) + 0.553 0.22 12 0.124 
Dinoflagellates Chla ChlaffP y = 0.064Ln(x) + 0.523 0.47 13 0.010 
Flagellates Chla ChlaffP y = 0.022Ln(x) + 0.548 0.09 49 0.036 
Phaeocystis Chla ChlaffP y = 0.041 Ln(x) + 0.549 0.62 6 0.063 
Diatoms Carbon ChlaffP y = -0.002Ln(x) + 0.565 0.00 12 1.000 
Dinoflagellates Carbon ChlaffP y = 0.041 Ln(x) + 0.360 0.27 13 0.069 
Flagellates Carbon ChlaffP y = -0.007Ln(x) + 0.563 0.02 49 0.334 
Phaeocystis Carbon ChlaffP y = 0.022Ln(x) + 0.492 0.50 6 0.116 
The Dinoflagellate group had a stronger relationship with an R squared value of 0.47, 
the Phaeocystis group has the strongest relationship between the Chla/TP ratio and Chla 
concentration with an R squared value of 0.62; however this is for only 6 points over the 
whole data set and therefore was only significant at the 90% confidence level. The 
relationship with phytoplankton carbon had no relationships found for the Diatom and 
Flagellate groups, however only a weak trend in the data was identified for the 
Dinoflagellate group, with an R squared value of 0.27. The Phaeocystis group again 
had the strongest relationship with an R squared value of 0.50; however as before there 
are only 6 data points. 
The relationships between the PSCffP and the PPCffP ratios against Chla and 
phytoplankton carbon for the four dominant phytoplankton types are not shown as in 
general no relationships could be found. A weak trend could be identified for the 
Dinoflagellate group for the relationship to Chla with R squared values of 0.19 and for 
the same relationship to carbon (R squared value of 0.16). The ratio of PPCffP to Chla 
showed no relationships except for the Dinoflagellate group, which had an R squared 
value of 0.73 and a negative slope. Finally the relationship for the PPCffP to 
phytoplankton carbon relationship showed a weak trend for the Dinoflagellate group 
with an R squared value of 0.41 and also having a negative slope. 
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6.6 Conclusions 
Chla is the main light harvesting pigment and is synthesised preferentially in 
conditions optimal for growth. 
During the bloom events, when conditions are optimal for growth, both the Chla and the 
PSCs are synthesised (Figure 6.1 and 6.2). However the Chi a pigment is synthesised in 
greater quantities than the PSCs and hence the ratio of Chla/TP increases. Thus in 
periods of optimal conditions for growth both Chla and PSCs are synthesised but Chla 
is synthesised preferentially. There is some evidence that the synthesis of pigments 
varies between functional types (Table 6.2) but this is difficult to disentangle from 
different environmental conditions. However the largest increases in the Chla/TP ratio 
are found during the spring and autumn bloom events, which are driven by the 
environmental conditions. 
Phytoplankton pigments both absorb light to provide energy for photosynthesis 
and also protect the cells from high light. The phytoplankton pigments have 
strong statistical relationships with the environmental drivers. 
The dataset has been sub-divided into years and further into three seasonal periods, The 
relationships during the L WSB period for the Chla/TP ratio are generally strong for 
irradiance and nitrate but not with the surface water temperature. The photo-synthetic 
and photo-protective carotenoid to total pigment relationships tend to be much weaker, 
only demonstrating weak trends in the data. The PPC/TP had a strong relationship to 
surface water temperature during 2004 and 2005. 
During the summer period the relationships are generally much weaker with a few 
exceptions. Relationships exist in some years but not in others for the same parameters. 
The ABEW period had generally strong relationships for all environmental parameters 
and pigment ratios, with some exceptions. 
The hypothesis isn't true for all conditions at all times of the year but some strong 
correlations can be found between the environmental conditions and the pigment 
relationships. 
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The pigment ratios correlate with the two biomass indicators; Chla and 
phytoplankton carbon specific to each year, seasonal period and phytoplankton 
functional type. 
During the L WSB period there was strong correlation between the Chla/TP ratio and 
irradiance, with the exception of 2003 when only a trend could be determined in the 
data. The relationships to the phytoplankton carbon were less robust with significant 
relationships identified during 2001 and 2004 only. During the summer period a 
relationship between the Chla/TP ratio and Chla could be determined for 2001 and 2005 
only with no significant relationships with phytoplankton carbon. During the ABEW 
period strong relationships could be determined between the Chla and the Chla/TP ratio 
for 2001 - 2003, during this period the relationship to carbon was strong for the years 
200 I and 2004. 
Some strong correlations exist between the PSCffP and PPCffP ratios against the Chla 
and phytoplankton carbon concentrations over the three seasonal periods. As with the 
Chla/TP ratio some years the relationship was strong and in other years it was none 
existent. 
The relationship between the Chla/TP ratio and the biomass indicators for the four 
functional types found poor relationships for the diatom and flagellate groups whilst 
strong relationships were identified for the dinoflagellate and phaeocystis groups. The 
range of Chla/TP was similar for all four PFTs, however the dinoflagellate and 
phaeocystis groups had much larger bloom events in terms of Chla and biomass. This 
tends to indicate that individual PFTs are adapted to the environmental niches they 
dominate and synthesise Chla preferentially; whilst due to environmental factors not 
attaining the same biomass concentrations. The relationships were stronger with Chla 
than with the phytoplankton carbon, Geider et al. (1997) reported that the ratio of 
carbon:Chla differed between PFTs, also Maclntyre et al. (2002) reported that high light 
conditions required lower pigment concentrations to support larger biomasses. 
Although some strong relationships do exist between the phytoplankton pigment ratios, 
the environmental drivers and the biomass indicators these are not universal throughout 
the data set and don't stand for all periods. 
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7.1 Introduction 
In this chapter two of the parameters determined using fast repetition rate fluorometry 
will be investigated. The two parameters are the Fv!Fm ratio and the cross sectional area 
of photo-system Il (crpsn). The data presented are the values measured in the surface 
mixed layer below any effects of fluorescence quenching, during the summer months in 
high irradiance data could not always be obtained as the fluorescence quenching 
penetrated deeper than the mixed layer. The Fv!Fm parameter gives a measure of the 
light harvesting efficiency of the phytoplankton community; this value is often referred 
to as the 'health' of the phytoplankton community and ranges between 0 and 1 with a 
theoretical minimum of 0.25 and maximum of 0.65. The data found at the L4 site over 
the five year time series had a mean value of 0.513 with a maximum of 0.569 and a 
minimum value of 0.513. The apg11 is the cross sectional area of photo-system TI, which 
is available for light harvesting, units x!0-20m2.photon· 1. This value ranges between 302 
and 569 in the L4 data set, with a mean value of 480. As the values are all taken in the 
surface mixed layer then the maximum of 569 is comparatively low as values of 700 or 
higher are recorded lower in the water column. Fv!Fm and Opsn vary between 
phytoplankton types but are affected mainly by the light and nutrient availability, so the 
first part of this chapter will investigate the relationships between the Fv!Fm and crpsn 
parameters and the irradiance, water temperature and nitrate concentration. As before 
the data set has been broken down into years and seasons. 
7.2 Hypothesis 
I. The photosynthetic parameters indicate the efficiency of photochemistry 
and the effective cross sectional area of photo-system II, these 
parameters are determined by the environmental conditions. 
II. The four PFTs exhibit individual relationships between the 
photosynthetic parameters and the environmental conditions. 
Ill. The efficiency of photochemistry (F.IFm) increases with increasing 
phytoplankton biomass and the crpgn decreases with increasing 
phytoplankton biomass. 
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7.3 Photosynthetic Parameters and Environmental Drivers 
Figure 7.1 shows the relationships between the FviFm and opsu against the three 
environmental parameters and the corresponding statistical information is shown in 
Table 7 .I. The data from the 200 l annual cycle has been removed as only three data 
points were available for the L WSB period. It can be seen from the graph that the 
general trend for the four years shown is negative; the FviFm generally declines as the 
irradiance value increases. This was seen to be much steeper in 2003 and 2004 than in 
2002 and 2005; the relationships in 2003 and 2004 were both statistically significant 
with R squared values of 0.65 and 0.63 respectively. No relationships could be 
identified in the 2002 and 2005 data. Figure 7 .l B is the opsu against the five day 
averaged daily irradiance; weak trends could be seen in the data for the years 2002, 
2003 and 2005 with R squared values of 0.14, 0.26 and 0.12 respectively. The 
relationship in 2004 is statistically significant with an R squared value of 0.65. The 
slopes are negative for 2003, 2004 and 2005, the higher the irradiance the lower the 
cross sectional area of photo-system II (opgu). The slope for the relationship in 2002 is 
positive, which is the opposite of what would be expected, however the relationship is 
very weak. The surface water temperature had a weak trend with the FviFm value for the 
year 2002 (R squared value of0.14); no relationships were identified for the years 2003, 
2004 and 2005. The surface water temperature and the cross sectional area of photo-
system II showed a trend in 2005 with an R squared value of 0.29. A stronger 
relationship was identified in 2002 with an R squared value of 0.46, both the slope in 
2002 and 2005 were positive, indicating that with higher water temperatures both the 
FviFm and Opsu increased. 
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Figure 7.1: The FJFm and the Opgu are regressed against the environmental parameters; 5 day 
averaged daily irradiance (irradiance, MJ.m-2) , surface layer water temperature (Surface 
Temperature, 0C) and nitrate concentration (j.lllloLr1). The data is for the LWSB period with each 
figure showing data from 2002 (Green), 2003 (Red), 2004 (Black) and 2005 (Violet) plotted. 
Figure A shows FJFm against irradiance, Figure B shows Opsu against irradiance, Figure C shows 
F/ Fm against surface temperature, FigureD shows crpsn against surface temperature, Figure E shows 
F,/Fm against nitrate concentration and Figure F shows Opgu against nitrate concentration. 
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Table 7.1: The statistical significance of the relationships between the F,/Fm and OPSn against the three 
environmental parameters; five day average irradiance (MJ.m"2), surface layer water temperature ("C) 
and nitrate concentration (J.l!Dol.r1). The results are from the LWSB period and only those with an R 
squared value above 0.1 have been shown. 
Year Indeeendent Deecndent Relationshlj! R n p 
2003 Irradiance FJFm y = -0.005x + 0.569 0.65 12 0.001 
2004 Irradiance FJFm y = -0.007x + 0.569 0.63 8 0.019 
2002 Irradiance 0PSII y = 2.936x + 466 0.14 9 0.321 
2003 Irradiance OPSn y = -5.025x + 497 0.26 12 0.090 
2004 Irradiance 0PSII y = -9.165x + 566 0.65 8 0.016 
2005 Irradiance OPSII y = -2.147x + 520 0.12 13 0.247 
2002 Surf. Temp. FJFm y = 0.008x + 0.440 0.14 8 0.361 
2002 Surf. Temp. 0PSII y = 48.54x- 39 0.46 8 0.065 
2005 Surf. Temp. Opso y = 13.54x + 358 0.29 12 0.071 
2002 Nitrate FJFm y = -0.009x + 0.531 0.20 5 0.450 
2003 Nitrate FJFm y = 0.004x + 0.504 0.50 10 0.022 
2004 Nitrate F,/Fm y = 0.01lx + 0.420 0.80 7 0.007 
2002 Nitrate OPSII y = -54.05x + 550 0.37 5 0.277 
2003 Nitrate 0PSII y = 11.15x + 365 0.42 10 0.043 
2004 Nitrate CJrsn y = 14.07x + 375 0.91 7 0.001 
The photosynthetic parameters produced by the FRRF show better relationships with 
the nitrate concentration than with the irradiance and surface water temperature for the 
years 2002, 2003 and 2004. There were no relationships identified in 2005 between the 
nitrate concentration and the FviFm and Opsn values. The relationship in 2002 between 
the FviFm value and the nitrate concentration only showed a weak trend in the data with 
an R squared value of 0.20. The relationships in 2003 and 2004 had a greater variance 
explained with the R squared value being 0.50 in 2003 and 0.80 in 2004. The slopes in 
both 2003 and 2004 were positive, indicating that as the nitrate concentration increased 
the FviFm value also increased. The relationships between the nitrate concentration and 
the cross sectional area of photo-system II (crpsu) all showed some correlation with the 
relationship in 2002 being the weakest with an R squared value of 0.37. The 
relationship in 2003 had an R squared value of0.42 and the relationship identified in the 
2004 data was the strongest with an R squared value of 0.91. Generally during the 
L WSB period the irradiance values increase and the nitrate concentration decreases as 
the water column becomes stratified and the nutrients are utilised by the phytoplankton 
community for photosynthesis. 
The summer period in this region is dynamic with the water column mostly being 
stratified but with occasional mixing and subsequent nutrient injections into the surface 
water. Therefore over the period of the summer several phytoplankton blooms can 
occur and this is different each year depending on the environmental conditions. The 
relationships found during this period are generally weaker and usually only none 
statistically significant trends in the data can be identified. The data for this period is 
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plotted in figure 7.2, figures A - D showing the relationships between the FviFm and 
Opsu against the irradiance and surface water temperature data. In these figures the data 
is well distributed with only some weak trends being identified. The FviFm versus the 
daily irradiance for 2002 gave a weak trend with an R squared value of 0.20; the same 
relationship in 2005 was stronger with an R squared value of 0.45. No other 
relationships could be identified for FviFm against irradiance. The Opsu against 
irradiance showed some weak trends during 2002, 2003 and 2004 with R squared values 
of 0.15, 0.13 and 0.30 respectively. A relationship between the Fv!Fm value and the 
surface water temperature was identified only in 2004, but as a weak trend with an R 
squared value of 0.13. The relationship between Opsu and the surface water temperature 
was a little better with weak trends being identified for 2002, 2004 and 2005 with R 
squared values of 0.15, 0.16 and 0.28 respectively. The nitrate data is shown in figures 
7.2 E and F, the data shows that the nitrate values are generally low during the summer 
period with a few higher values after nutrient injections. During 2001 and 2002 weak 
trends could be identified between the Fv!Fm values and the nitrate concentration, R 
squared values of 0.16 and 0.28 were identified respectively. Finally a weak trend 
between crpgu and the nitrate concentration was identified during 2002 with an R 
squared value of0.27. 2001 and 2002 exhibited weak trends in the data but didn't have 
the extreme nutrient values that can be seen in the years 2003, 2004 and 2005. 
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Figure 7.2: The FJ Fm and the Opsu are regressed against the environmental parameters; 5 day averaged 
daily irradiance (irradiance, MJ.m.2) , surface layer water temperature (Surface Temperature, 0 C) and 
nitrate concentration (JliDol.r1). The data is for the Sununer period with each figure showing data from 
2001 (Blue), 2002 (Green), 2003 (Red), 2004 (Black) and 2005 (Violet) plotted. Figure A shows FJ Fm 
against irradiance, Figure B shows Ops11 against irradiance, Figure C shows FJ Fm against surface 
temperature, Figure D shows Opsu against surface temperature, Figure E shows FJ Fm against nitrate 
concentration and Figure F shows Ops11 against nitrate concentration. 
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Table 7.2: The statistical significance of the relationships between the Fv/Fm and Opsn against the three 
environmental parameters; five day average irradiance (MJ.m"2), surface layer water temperature ("C) 
and nitrate concentration (J.1111ol.l"1). The results are from the summer period and only those with an R 
squared value above 0.1 have been shown. 
Year Indeeendent Deecndcnt Relationshie RI n e 
2002 Irradiance FJFm y = -0.002x + 0.542 0.20 11 0.168 
2005 Irradiance F,./Fm y = -0.007x + 0.627 0.45 12 0.017 
2002 Irradiance Opsn y = 5.059x + 400 0.15 11 0.240 
2003 Irradiance Opsu y = -5.808x + 566 0.13 21 0.108 
2004 Irradiance Opsu y = -3.314x + 529 0.30 5 0.339 
2004 Surf. Temp. FJFm y = 0.008x + 0.400 0.13 7 0.426 
2002 Surf. Temp. Opsu y = -13.81x + 685 0.15 13 0.191 
2004 Surf. Temp. Opsu y = 18.25x + 179 0.16 7 0.374 
2005 Surf. Temp. Opsu y = 18.15x + 197 0.28 12 0.077 
2001 Nitrate F.IFm y = 0.050x + 0.480 0.16 11 0.223 
2002 Nitrate F,/Fm y = 0.025x + 0.499 0.28 15 0.043 
2002 Nitrate Opsu y = -72.07x + 512 0.27 15 0.047 
The ABEW period starts with the autumn bloom then progresses into the winter period 
with the reducion of the average daily irradiance and the break down of stratification. 
As the stratification breaks down then the higher nutrient bottom waters mix to the 
surface causing an increase in the surface nutrient concentrations. The relationships 
between the photosynthetic parameters (F.IFm and crpsn) and environmental parameters 
(irradiance, surface water temperature and nitrate concentration) are shown in Figure 
7.3 and the corresponding statistical information is shown in Table 7.3. Throughout 
this period the irradiance levels decrease but no relationships have been identified with 
the reducing irradiance levels and the FviFm parameter, except a weak relationship in 
2002 with an R squared value of 0.24. The relationship between crpsn and irradiance 
showed weak trends during 200 I, 2004 and 2005 with R squared values of 0.19, 0.20 
and 0.21 respectively. The relationships identified during 2002 and 2003 bad statistical 
significance with R squared values of0.78 and 0.69 respectively. The slope of the 2001 
data was positive, however this was a very weak relationship, the slopes for all other 
years was positive. This shows that as the irradiance levels decrease into the winter 
months the phytoplankton expand their cross sectional area of photo-system 11. The 
surface water temperature during this period falls as the water column becomes mixed; 
during 2001 and 2002 weak trends were identified between the FviFm value and the 
surface water temperature, with both years having an R squared value of 0.15. During 
2004 and 2005 stronger trends could be seen in the data with R squared values of 0.32 
and 0.33 respectively. The slope during 2001 was positive whereas the slopes in the 
other three years were negative, meaning that as the water temperature decreased the 
Fv!Fm value increased. 
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Figure 7.3: The FJ Fm and the <Jpsn are regressed against the environmenta l parameters; 5 day 
averaged da ily irradiance (irradiance, MJ.nf2}, surface layer water temperature (Surface 
Temperature, °C) and nitrate concentration (Jlmol.r1) . The data is for the ABEW period with each 
figure showing data from 2001 (Blue), 2002 (Green), 2003 (Red), 2004 (Black) and 2005 (Violet) 
plotted. Figure A shows FJ Fm against irradiance, Figure B shows crpsn against irradiance, Figure C 
shows F/ Fm against surface temperature, FigureD shows crpsu agamst surface temperature, Figure E 
shows F) Fm against nitrate concentration and Figure F shows crpsu against nitrate concentration. 
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Table 7.3: The statistical significance of the relationships between the FJFm and crPSu against the three 
environmental parameters; five day average irradiance (MJ .m.2), surface layer water temperature (0C} 
and nitrate concentration (J.Imo1.1'1). The results are from the ABEW period and only those with an R 
squared value above 0.1 have been shown. 
Year lndceendent Dcecndent Relatlonshle R n e 
2002 Irradiance FJFm y = -0.003x + 0.550 0.24 8 0.218 
2001 Irradiance D"PSo y = 3.246x + 480 0.19 8 0.280 
2002 Irradiance O"pso y = -12.8Ix + 533 0.78 8 0.004 
2003 Irradiance D"PSo y = -5.05Ix + 496 0.69 9 0.006 
2004 Irradiance crpsn y = -7 .315x + 592 0.21 8 0.254 
2005 Irradiance C'psn y = -6.187x + 560 0.20 9 0.228 
2001 Surf. Temp. F.IFm y = 0.004x + 0.479 0.15 7 0.391 
2002 Surf. Temp. FJFm y = -0.004x + 0.589 0.15 8 0.344 
2004 Surf. Temp. FJFm y = -O.Oilx + 0.634 0.32 7 0.185 
2005 Surf. Temp. FJFm y = -0.004x + 0.588 0.33 7 0.178 
2001 Surf. Temp. O"pso y = -11.30x + 640 0.26 7 0.242 
2002 Surf. Temp. O"pso y = -22.84x + 782 0.64 8 0.017 
2003 Surf. Temp. O"psu y = -9.728x + 603 0.53 8 0.041 
2004 Surf. Temp. D"PSu y = 9.526x + 440 0.11 7 0.467 
2004 Nitrate FJFm y = -0.004x + 0.527 0.21 8 0.254 
2005 Nitrate FJFm y = O.OOix + 0.519 0.13 7 0.426 
2001 Nitrate O"psu y = 37.48x +416 0.15 9 0.303 
2002 Nitrate O"psn y=7.725x+422 0.45 8 0.069 
2003 Nitrate D"PSo y = 4.036x + 446 0.16 9 0.286 
2004 Nitrate O"psu y = 7.309x + 493 0.25 8 0.207 
The smface water temperature and the apsu showed weak trends for 2001 and 2004 with 
R squared values of 0.26 and 0.11 respectively. The data for 2002 and 2003 gave 
significant relationships with R squared values of 0.64 and 0.53 respectively. 2001, 
2002 and 2003 all had negative slopes meaning that as the water temperature cooled 
then the Opsu increased. This would correlate with the declining levels of irradiance 
causing cooler water temperatures. The Nitrate levels for this period increase as the 
water colwnn is mixed. The relationships between the FviFm value and the nitrate 
concentration are weak with only trends identified during 2004 and 2005, giving R 
squared values of 0.21 and 0.13 respectively. The relationship between the apsu and the 
nitrate concentration is weak with trends identified during 2001, 2003 and 2004, 
showing R squared values of 0.15, 0.16 and 0.25. The relationship between the apsn 
and nitrate concentration during 2002 was stronger with an R squared value of 0.45. 
As before the data has been divided into the dominant phytoplankton types; diatoms, 
dinoflagellates, flagellates and Phaeocystis, the data from all years has been included. 
Figure 7.4 shows the regressions for the photosynthetic parameters Fv!Fm and apsu 
against the environmental parameters, the corresponding statistical information is given 
in Table 7.4. The relationship between Fv!Fm and irradiance is shown in Figure 7.4, it 
109 
Chapter 7: Fast Repetition Rate Fluorometer (FRRF) 
0.60 ..,-----------------, 700 .---------------------, 
A 8 
• 
0.55 • • 
600 
• 
•• •• 500 
E 
~ 0.50 ~. K! "400 • 
• 
0.45 
• 
300 • 
0.40 +------.----,------j 200 ~-----.------,------------1 
0 10 2.0 30 0 10 30 
Irradiance Irradjance 
0.60 .-----------------, 700 -.---- - - -----------, 
c D 
• 0.55 
• 
• 
600 
500 
e 
~ 0.50 
!~· · .· 
• • • 
•• 
•• • •• 400 
• 
• 
0.45 
• 300 
0.40 -+---------.-----,-------! 200 +--------,------,----~ 
5 10 15 5 10 15 2.0 
Surface Temperature Surface Temperature 
0.60 --------------, 700 .-----------------, 
E F 
• 
0.55 
600 
• • 
• 
e 
~ 0.50 
400 
• 
0.45 
• 
300 
0.40 +--------.-----.-------1 200 +-----~----.------4 
0 5 10 15 0 5 10 15 
Nitrate Concentration Nitrate Concentration 
Figure 7.4: The FviFm and the crpsu are regressed against the environmental parameters; 5 day averaged 
daily irradiance (irradiance, MJ.m-2) , surface layer water temperature (Surface Temperature, 0 C) and 
nitrate concentration (11ffiol.r1)- The data is divided into the dominant types, Diatoms (Red), 
Dinotlagell ates (Blue), Flagellates (Green), and Phaeocystis (Black). Figure A shows FviFm against 
irradiance, Figure B shows crpsu against irradiance, Figure C shows FJFm against surface temperature, 
Figure D shows Opgn against surface temperature, Figure E shows F,JFm against nitrate concentration 
and Figure F shows crpgu against nitrate concentration_ 
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Table 7.4: The statistical significance of the relationships between the Fjfm and apg11 against the three 
environmental parameters; five day avemge irradiance (MJ.m-2), surface layer water tempemture ("C) 
and nitrate concentration (11mol.r1). The results are for the four dominant types, Diatoms, 
Dinoflagcllates, Flagellates and Phaeocystis. Only those with an R squared value above 0.1 have been 
shown. 
Dominant Independent Dependent Relationship Ri n p 
T e 
Diatoms Irradiance Fjfm y = -0.003x + 0.568 0.15 6 0.448 
Dinoflagellates Irradiance FJFm y = -0.003x + 0.567 0.25 9 0.170 
Flagellates Irradiance FJFm y = -0.002x + 0.525 0.10 27 0.108 
Phaeocystis Irradiance Fjfm y = -0.002x + 0.563 0.21 7 0.301 
Diatoms Surf. Temp. FJFm y = 0.002x + 0.486 0.16 7 0.374 
Dinoflagellates Surf. Temp. FJFm y = -0.005x + 0.594 0.14 8 0.361 
Phaeocystis Surf. Temp. Fjfm y = 0.003x + 0.493 0.13 6 0.482 
Diatoms Surf. Temp. Opsn y = 20.27x + 138 0.62 7 0.036 
Dinoflagellates Surf. Temp. apgu y = 12.96x + 297 0.15 8 0.344 
Flagellates Surf. Temp. apgu y = 10.43x + 391 0.17 28 0.029 
Phaeocystis Surf. Temp. Opsn y = 11.29x + 382 0.69 6 0.040 
Diatoms Nitmte FJFm y = 0.008x + 0.510 0.23 6 0.335 
Dinoflagellates Nitrate Fjfm y = 0.035x + 0.506 0.18 8 0.295 
Flagellates Nitrate Fjfm y = 0.003x + 0.484 0.16 26 0.043 
Phaeocystis Nitrate Fjfm y = 0.003x + 0.516 0.14 7 0.409 
Diatoms Nitrate Opsn y = -40.1lx + 420 0.33 6 0.234 
Flagellates Nitrate Orsu y = 5.197x + 467 0.12 26 0.083 
can be seen from the figure that all four types show a trend of decreasing FviFm values 
as the irradiance levels increase. The R squared values for these relationships show 
only weak trends with vales of 0.15, 0.25, 0.10 and 0.21 for the dominant types; 
diatoms, dinoflagellates, flagellates and Phaeocystis respectively. Figure 7.4B shows 
the relationships between apsn and the irradiance levels, although no relationships could 
be found the data on the Figure indicates that the apsn increases with decreasing 
irradiance. The relationships between the FviFm value and the surface water temperature 
showed weak trends in the data for the diatoms, dinoflagellates and Phaeocystis, with R 
squared values of0.16, 0.14 and 0.13 respectively. The relationship between apsn and 
the surface water temperature for the dinoflagellates and the flagellates showed weak 
trends with R squared values of 0.15 and 0.17. The same relationship for the diatoms 
and Phaeocystis were much stronger with R squared values of 0.62 and 0.69 
respectively. The relationships between the FviFm value and the nitrate concentration 
show weak trends for all the four dominant types, with R squared values of 0.23, 0.18, 
0.16 and 0.14 for the diatoms, dinoflagellates, flagellates and Phaeocystis respectively. 
For the apso and the nitrate concentration data only weak trends could be identified for 
the two dominant types diatoms and flagellates, with R squared values of 0.33 and 0.12 
respectively. 
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7.4 Photosynthetic Parameters and Phytoplankton Biomass 
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Figure 7.5: The F.iFm ratto IS plotted against the Chla (mg.m-3) and Phytoplankton carbon (mgC.m"3) 
concentratiOns for the three seasonal penods; LWSB (F1gures A and 8), summer (Figures C and D) 
and ABEW (Figures E and F). The L WSB period shows years 2002 2005, the summer penod shows 
the years 2001 2005 and the ABEW pcnod shows 2001,2003-2005. 2001 = Blue, 2002 = Green, 
2003 = Red, 2004 = Black and 2005 = Violet. 
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Table 7.5: The statistical significance of the relationships between the F,IFm and OPSu against the total 
Chla/Total pigment ratio (Chla/TP) for the three seasonal periods; LWSB, summer and ABEW. The 
data is divided into the years 2001 - 2005 and only those with an R squared value above 0.1 have been 
shown. The data corresponds to the figures in Figure 7 .5. 
Year Indeeendcnt Deeendent Rclationshie R! n e 
LWSB 
2002 Ch1a F,)Fm y = 0.012Ln(x) + 0.518 0.23 9 0.191 
2003 Chla F,)Fm y = -0.040Ln(x) + 0.533 0.64 12 0.002 
2004 Chi a F,)Fm y = -0.047Ln(x) + 0.508 0.71 8 0.009 
2002 Carbon F,)Fm y = 0.012Ln(x) + 0.486 0.44 6 0.151 
2003 Carbon F,)Fm y = -0.013Ln(x) + 0.572 0.46 9 0.045 
2004 Carbon F,)Fm y = -0.034Ln(x) + 0.596 0.53 7 0.064 
Summer 
2001 Chla F,)Fm y = 0.031 Ln(x) + 0.496 0.19 13 0.136 
2002 Chla F,)Fm y = 0.018Ln(x) + 0.506 0.24 15 0.064 
2004 Cbla F,)Fm y = 0,01 5Ln(x) + 0.515 0.13 10 0.305 
2005 Chla F,)Fm y = 0.070Ln(x) + 0.475 0.57 12 0.005 
2003 Carbon F,)Fm y = -0.020Ln(x) + 0.564 0.16 14 0.156 
ABEW 
2001 Chla FjFm y = 0.015Ln(x) + 0.533 0.33 11 0.065 
2002 Chi a F,)Fm y = -0.026Ln(x) + 0.533 0.79 8 0.003 
2005 Chi a F,)Fm y = -0.008Ln(x) + 0.522 0.12 9 0.362 
The ratio of FviFm is plotted against the two bimass indicators, Chla and phytoplankton 
Carbon for the individual years and the data is sub-divided into the three seasonal 
periods as before. The relationship between FviFm and Chla during the LWSB period 
show that no relationship existed during 2005 and a weak trend could be identified 
during 2002, with an R squared value of 0.23. The relationships during 2003 and 2004 
had greater variance explained with R squared values of 0.64 and 0.71 respectively. 
The relationship to phytoplankton carbon during 2002 was stronger than with Chla, the 
R squared value for the phytoplankton carbon relationship was 0.44. The relationships 
during 2003 and 2004 were not found to be as strong as those for Chla, with R squared 
values of 0.46 and 0.53 for phytoplankton carbon respectively. During the summer 
period the relationships as a whole were weaker than those found during the L WSB 
period. Weak trends exist between the FviFm ratio and the Chla concentration for 2001, 
2002 and 2004 with R squared values of 0.19, 0.24 and 0.13 respectively. During 2005 
the relationship was significant with an R squared value of 0.57. The relationship 
between the Fv!Fm ratio and phytoplankton carbon for the summer period was weak with 
only a weak trend being identified during 2003, with an R squared value of 0.16. 
During the autumn bloom - early summer period the relationship with Chla gave weak 
trends for the years 200 I and 2005 with R squared values of 0.33 and 0.12 respectively. 
The strongest relationship during this period was found during 2002, with an R squared 
value of 0. 79 and there were no relationships the phytoplankton carbon concentration 
for this period. 
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Figure 7.6: The Opso (xI 0'20m2.photon'1) is plotted against the Chla (mg.m-3) and Phytoplankton 
carbon (mgC.m'3) concentrations for the three seasonal periods; LWSB (Figures A and B), summer 
(Figures C and D) and ABEW (Figures E and F). The LWSB period shows years 2002-2005, the 
summer period shows years 200 I - 2005 and the autumn bloom - early summer period shows 200 I, 
2003- 2005. 2001 =Blue, 2002 = Green, 2003 = Red, 2004 =Black and 2005 = Violet. 
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Table 7.6: Giving the statistical results for the relationships between crpsn and the Chla and 
phytoplankton carbon concentrations, as per data plotted in Figure 8.6, only the relationships with an R 
squared value greater than 0.1 are shown. 
Year Indeeendent Deeendent Relationshie Rl n e 
LWSB 
2002 Chi a crPSn y = 33.82Ln(x) + 491 0.22 9 0.203 
2003 Chi a crPSn y = -65.91 Ln(x) + 460 0.57 12 0.005 
2004 Chla crPSn y = -60.35Ln(x) + 491 0.78 8 0.010 
2005 Chi a crPSn y = -14.52Ln(x) + 495 0.10 14 0.217 
2002 Carbon crpsn y = 48.26Ln(x) + 353 0.55 6 0.091 
2003 Carbon crpsn y = -37.40Ln(x) + 565 0.43 9 0.055 
2004 Carbon crPSn y = -46.15Ln(x) + 610 0.66 7 0.027 
Summer 
2004 Chi a crPSn y = 38.11Ln(x) + 453 0.14 10 0.287 
2005 Chla crpsn y = -51.75Ln(x) + 491 0.18 12 0.170 
ABEW 
2002 Chi a crpsn y = -39.69Ln(x) + 450 0.22 8 0.241 
2003 Chi a O'psu y = -34.72Ln(x) + 466 0.49 9 0.036 
2004 Chi a crpsu y = -33.80Ln(x) + 553 0.26 8 0.197 
2003 Carbon crpsn y = -36.66Ln(x) + 577 0.24 9 0.181 
The reationships between the crpsn and the Chla and phytoplankton carbon concentration 
are shown in Figure 7.6 and the statistical results are given in Table 7.6, the data is 
seperated into the three seasonal periods as before. The relationships in the L WSB 
period with Chla are weak during the years 2002 and 2005 with R squared values of 
0.22 and 0.10 respectively. During the years 2003 and 2004 the relationships become 
stronger with R squared values of 0.57 and 0.78. The relationships with phytoplankton 
carbon for the same period during the years 2002, 2003 and 2004 have R squared values 
of 0.55, 0.43 and 0.66 respectively, due to limited data points these rel;ationships are 
significant to the 90% conference level. No relationship exists during 2005. During the 
summer period the relationships were weak with only two weak trends being identified 
for the relationship to Chla during the years 2004 and 2005 with R squared values of 
0.14 and 0.18. No other relationships could be identified for either the Chla or the 
phytoplankton carbon concentrations. The ABEW period showed a weak relationship 
with Chla during 2002 with an R squared value of 0.22 and in 2004 with an R squared 
value of 0.26. The relationship identified during 2003 was stronger with an R squared 
value of 0.49. The only year that had any kind of relationship to phytoplankton carbon 
was 2003, but this was only a weak trend with an R squared value of0.24. 
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Figure 7.7: The crpsn (xl o·20m2.photon"1) is plotted against the Chla (mg.m-3) and Phytoplankton 
carbon (mgc.m-3) concentrations for the three seasonal periods; LWSB (Figures A and B), summer 
(Figures C and D) and ABEW (Figures E and F). The LWSB period shows years 2002- 2005, the 
summer period shows years 200 I - 2005 and the autumn bloom - early summer period shows 200 I , 
2003-2005. 2001 = Blue, 2002 = Green, 2003 = Red, 2004 = Black and 2005 =Violet. 
Figure 7.7 plots the realtionships between the photosynthetic parameters FviFm and Opsu 
with Chla and phytoplankton carbon concentration for the four dominant phytoplankton 
types, the statistical results are given in Table 7.7. It can be seen from the results that 
no relationship can be observed between the diatom or the flagellate groups for the 
FviFm to Chla relationship, with R squared values of 0.04 and 0.10 respectively. The 
Phaeocystis group has a relationship with an R squared value of 0.38 but the 
dinoflagellate group has the strongest relationship with an R squared value of 0. 71. The 
relationship between the Fv!Fm and the phytoplankton carbon was similar with no 
relationship being identifird for the diatom group, a weak trend (slightly stronger than 
for Chla) was identified for the flagellate group with an R squared value of 0.2. The 
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relationships for the Phaeocystis and the dinoflagellate groups were slighly weaker than 
those identifed with Chla, with R squared values of0.32 and 0.58 respectively. 
Table 7.7: Giving the statistical results for the relationships between the photosynthetic parameters 
FjF m and C!PSu with the Chla and phytoplankton carbon concentrations, as per data plotted in Figure 8. 7. 
The dataset is divided into the four dominant types; Diatoms, Dinoflagellates, Flagellates and 
Phaeocystis. 
Dominant Independent Dependent Relationship R2 n p 
T e 
Diatoms Chla FJFm y- -0.006Ln(x) + 0.520 0.04 7 0.667 
Dinoflagellates Chla FJFm y = 0.034Ln(x) + 0.504 0.71 10 0.002 
Flagellates Chla F.IFm y = -0.020Ln(x) + 0.509 0.10 29 0.095 
Phaeocystis Chla Fv/Fm y = -0.015Ln(x) + 0.534 0.38 6 0.193 
Diatoms Carbon F,/Fm y = -0.007Ln(x) + 0.545 0.05 7 0.629 
Dinoflagellates Carbon FJFm y = 0.028Ln(x) + 0.388 0.58 10 0.010 
Flagellates Carbon FJFm y = -0.020Ln(x) + 0.564 0.21 29 0.012 
Phaeocystis Carbon FJFm y = -0.008Ln(x) + 0.556 0.32 6 0.242 
Diatoms Chla crpsn y = 9.776Ln(x) + 400 0.01 7 0.831 
Dinoflagellates Chla crpsu y = -18.77Ln(x) + 495 0.04 10 0.580 
Flagellates Chla C!psu y = -11.57Ln(x) + 504 0.01 29 0.606 
Phaeocystis Chla C!psu y = -39.38Ln(x) + 520 0.39 6 0.185 
Diatoms Carbon C!psn y = -84.93Ln(x) + 729 0.36 7 0.154 
Dinoflagellates Carbon crpsn y = -38.46Ln(x) + 673 0.21 10 0.183 
Flagellates Carbon C!psu y = 12.40Ln(x) + 472 0.03 29 0.369 
Phaeocystis Carbon C!PSD y = -16.05Ln(x) + 556 0.19 6 0.387 
The relationship between the crps11 value and the Chla concentration was found to exist 
only within the Phaeocystis group with an R squared value of0.39. The relationship to 
phytoplankton carbon showed that weak trends could be identified in the dinoflagellate 
and Phaeocystis groups, with R squared values of 0.21 and 0.19 respectively. The 
diatom group had a stronger relationship with an R squared value of0.36. 
7.5 Conclusions 
The photosynthetic parameters indicate the efficiency of photochemistry and the 
effective cross sectional area of photo-system 11, these parameters are determined 
by the environmental conditions. 
The data set was divided into the three seasonal periods as before due to no significant 
relationships being determined for the data set as a whole. Some strong relationships 
could be identified in the LWSB period; however the relationship between FviFm and 
irradiance was negative. Generally only weak trends could be established for this 
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period. The summer period showed mainly weak trends in the data with few 
relationships showing any significance. The ABEW period gave the best relationships 
between the environmental drivers and the photosynthetic parameters. The Opsn gave 
the best and most consistent relationships during this period. 
The environmental conditions do have some influence on the photosynthetic parameters 
but some environmental conditions have stronger relationships than others and these are 
not consistent throughout the data set. 
The four PFTs exhibit individual relationships between the photosynthetic 
parameters and the environmental conditions. 
No significant relationships existed between the photosynthetic parameters and the 
environmental conditions for any of the four PFTs, except for the relationship between 
the surface water temperature and the Opsrr for the diatom and Phaeocystis groups. 
The efficiency of photochemistry (FviFm) increases with increasing phytoplankton 
biomass and the Gpso decreases with increasing phytoplankton biomass. 
Strong relationships existed for some of the years between the Fv!Fm and the two 
biomass indicators. The strongest relationships indicated a negative slope, thus the 
Fv!Fm ratio decreases with increasing biomass. During the summer period weak trends 
could be seen for this relationship but with a positive slope. The relationships between 
the Opsn and the biomass indicators had some correlations and with a few exceptions 
these had negative slopes. Therefore the Fv!Fm correlation was problematic as the 
stronger relationships had negative slopes, thus disproving the hypothesis. The Opsn 
also gave negative slopes, which agreed with the hypothesis, with a few exceptions. 
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8.1 Introduction 
Light energy is received by the phytoplankton pigments located in the light harvesting 
complex and utilised to power the photosynthetic reactions. The relationships between 
the different pigment fractions (ChlaffP, PSC/TP and PPC/TP) are determined by the 
environmental conditions and I or the dominating PFTs. The photosynthetic parameters 
determined by the fast repetition rate fluorometry method are also governed to some 
extent by the same factors. The Fv!Fm is the ratio of functioning reaction centres and an 
indicator of the efficiency of photochemistry and the crpsn is the effective absorption 
cross section of photo-system Il. Chla is the main light harvesting pigment and as such 
is synthesised preferentially in conditions optimal for growth. Aiken et al. (2004) and 
Fishwick et al. (2006) showed links between the Chla!TP ratio and the photosynthetic 
parameters Fv!Fm and crps11• Also as the phytoplankton pigment ratios determine the 
absorption characteristics of the phytoplankton community then the relationships will be 
investigated between the absorption, pigments and photosynthetic parameters. An 
understanding of these relationships will enable the enhancement of ecosystem models 
in the interpretation of environmental and PFT influences on pigment assemblages, 
photosynthetic processes and absorption characteristics. 
8.2 Hypothesis 
I. Chla is synthesised preferentially and the efficiency of photochemistry 
increases in conditions optimal for growth. Therefore Chla!TP is an 
indication of the efficiency of photochemistry. 
ll. When the environmental conditions are unfavourable for growth the 
phytoplankton extend their crpg11 to maximise light harvesting. The 
relationship between the Chla!TP to crpsu is an inverse relationship. 
Ill. The ChlaffP has an optical signature and due to the relationships 
between the Chla/TP and the photosynthetic parameters then ChlaffP, 
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Fv/Fm and O"pgn all have an optical relationship. This optical relationship 
is the absorption ratio a676/a490. 
8.3 Photosynthetic Parameters and Pigment Ratios 
In Figure 8.1 the Fv,Fm and O"psn values are regressed against the Chla/TP ratio. The 
relationships between the pigment ratios and the photosynthetic parameters to the 
environmental parameters are used to investigate the hypothesis that as the 
environmental conditions were favourable for growth then the ratio of Chla/TP would 
increase, i.e. the phytoplankton would synthesis Chla preferentially. Also as the 
environmental conditions were favourable the Fv!Fm value would also increase as the 
phytoplankton community would be 'healthier' and their photosynthetic light harvesting 
efficiency would increase. 
In Figure 8.1 the hypothesis that as the Chla/TP ratio increases so does the Fv!Fm ratio 
and the O"psn value decreases. No relationships existed between these parameters when 
the data set as a whole was considered; therefore the data was divided, as before, into 
years and into the three seasonal periods. During 200 l insufficient data was available 
for the LWSB period to statistically identify any relationships; therefore the data from 
2001 is excluded from the analysis during the LWSB period. It can be seen from the 
results in Table 8.1 that a weak trend during 2003 between the Fv!Fm and the Chla/TP 
ratios was identified with an R squared value of 0.28; a statistically significant 
relationship was identified during 2004 with an R squared value of 0. 71. No 
relationships could be identified in the years 2002 and 2005. The relationships between 
O"ps11 and the Chla/TP ratio for the same period also showed a statistically significant 
relationship during 2004 with an R squared value of 0.88. The data during 2005 also 
showed a trend in the data with an R squared value of 0.3 7. The next section of Table 
8.1 refers to the summer period and the data for the two years 2002 and 2005 showed 
weak trends in the data with R squared values of 0.26 and 0.20 respectively. The 
relationships between O"psn and Chla/TP for this period showed again a trend in the data 
during 2003 with an R squared value of 0.34. The data during 2005 gave a significant 
statistical relationship with an R squared value of 0.64. The data for the ABEW period 
shows that a trend could be identified between the Fv!Fm and Chla!TP ratios during 
2001, with an R squared value of 0.37. A weaker trend could be identified during 2002 
with an R squared value of0.23. 
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Figure 8.1: The FviFm and the crPSu are regressed against the total Chla!fotal pigment ratio (Chla!I'P) 
for the three seasonal periods; LWSB, summer and ABEW . The data is divided into the years, 2001 
(Blue), 2002 (Green), 2003 (Red), 2004 (Black) and 2005 (Violet). Figures A and 8 are for the late 
winter - spring boom period, Figures C and D are the summer period and the Figures E and F are for 
the ABEW period. 
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Table 8.1: The statistical significance of the relationships between the FjFm and crPSo against the total 
Chlatrotal pigment ratio (ChlatrP) for the three seasonal periods; LWSB, summer and ABEW . The 
data is divided into the years 2001 - 2005 and only those with an R squared value above 0.1 have been 
shown. The data corresponds to the figures in Figure 8.5. 
Year Independent Dependent Relationship 
2003 
2004 
2004 
2005 
2002 
2005 
2003 
2005 
2001 
2002 
2001 
2002 
2003 
2005 
Chla!I'P 
Chla!I'P 
Chla!I'P 
Chla!I'P 
Chla!I'P 
CblatrP 
Chla!I'P 
CblatrP 
Ch1a!I'P 
ChlatrP 
Chla!I'P 
ChlatrP 
Chla!I'P 
Ch1a!I'P 
CJpsn 
CJpsn 
CJPSn 
CJpsn 
aesu 
LWSB 
y = -0.562x + 0.833 
y = -0. 743x + 0.921 
y=-1015x+ 1055 
y = -468x + 767 
Summer 
y = 0.272x + 0.367 
y = 0.542x + 0.195 
y = -993x + 1009 
y = -1287x + 1208 
ABEW 
y = 0.179x + 0.435 
y = -0.319x + 0.703 
y = -234.6x + 610 
y = -1607x + 1304 
y = -416x + 689 
y = -2061x + 1629 
0.28 
0.71 
0.88 
0.37 
0.26 
0.20 
0.35 
0.64 
0.37 
0.23 
0.16 
0.69 
0.50 
0.66 
n 
12 
8 
8 
14 
15 
12 
22 
12 
11 
8 
11 
8 
9 
9 
p 
0.077 
0.009 
0.001 
0.021 
0.052 
0.145 
0.004 
0.002 
0.047 
0.229 
0.223 
0.011 
0.033 
0.008 
The relationships between CJpsu and the Chla/TP ratio show that during 200 I a weak 
trend could be identified with an R squared value of 0.16. The years 2002, 2003 and 
2005 all had statistically significant relationships with R squared values of 0.69, 0.50 
and 0.66 respectively. During the LWSB period the slopes for the relationships 
between Fv!Fm and Chla/TP are negative showing that as the Chla/TP ratio increased the 
Fv!Fm ratio decreased. The same relationships during the summer months gave positive 
slopes indicating that as the Chla/TP ratio increased then the Fv!Fm ratio also increased, 
during the ABEW period the slope during 2001 was positive and the slope during 2002 
was negative. For all the relationships identified between CJpsu and Chla/TP the slope 
was negative indicating that the apsu value decreased as the percentage of Chla 
increased. 
Table 8.2: The statistical significance of the relationships between the F,./Fm and CJPSn against the total 
Chlatrotal pigment ratio (ChlatrP) for the four dominant phytoplankton types; Diatoms, Dinoflagellates, 
Flagellates and Phaeocystis. Only the relationships with an R squared value above 0.1 have been shown. 
The data corresponds to the figures in Figure 8.2. 
Dominant Independent Dependent Relationship RI n p 
T e 
Diatoms ChlatrP FJFm y - -0.2511 X + 0.6535 0.55 7 0.056 
Dinoflagellates ChlatrP FjFm y = 0.3136x + 0.346 0.50 10 0.022 
Dinoflagellates ChlatrP CIPSII y = -404.03x + 712.08 0.16 10 0.252 
Flagellates ChlatrP CJpsn y = -659.74x + 869.15 0.27 28 0.005 
Phaeot,;J;.sfis ChlatrP CJPSu ~ = -745.72x + 923.18 0.38 7 0.141 
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Figure 8.2: The FJ Fm (Figure 8.6A) and the <Jrso (Figure 8.6B) are regressed against the total 
Chlaffotal pigment ratio (ChlaffP) for the four dominant phytoplankton types, Diatoms (Red), 
Dinoflagellates (Blue), Flagellates (Green) and Phaeocystis (Black). 
Figure 8.1 shows the relationships between the photosynthetic parameters (Fv!Fm and 
crpsrr) and the Chla/total pigment (Chla!TP) ratio divided into seasons and years. Figure 
8.2 investigates the same relationships, but looks into comparisons with dominant 
phytoplankton types. It can be seen from the statistical results given in Table 8.2 that 
only the Diatoms and the Dinoflagellates had a relationship between the Fv!Fm value and 
the Chla!TP ratio. These relationships were significant (at the 90% confidence level) 
with R squared values of 0.55 and 0.50 respectively; also the slope for the Diatoms was 
negative indicating that when the Chla/TP value increased the Fv!Fm value decreased. 
The opposite was true for the Dinoflagellates, which had a positive slope. The 
relationship between the crpsn and the Chla!TP showed trends with varying amounts of 
variance explained for the Dinoflagellate, Flagellates and the Phaeocystis types. These 
relationships gave R squared values of 0.16, 0.27 and 0.38 respectively. The slopes for 
all these relationships gave negative values, which indicate that as the Chla!TP ratio 
increases the crpsn decreases, this is consistent with the results for the same relationships 
when divided by season and year. 
8.4 Phytoplankton Absorption 
The phytoplankton absortion is calculated using the technique of measuring particulate 
absorption on filter papers (PABs), the absorption of phytoplankton is calculated as a 
subtraction from the total. Figure 8.3 shows the relationship of the a676/a490 against 
Chla for the five years of the dataset, sub-divided into the three seasonal periods 
(Figures 8.3 A - C). Figure 8.3D shows the relationship between the a676/a490 ratio 
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and the Chla concentration, with the data divided into dominant phytoplank:ton types. 
The ratio of a676/a490 is being used as only Chla absorbs at 676nrn and all pigments 
absorb to varing degrees at 490nrn. The wavelengths have been selected to coincide 
with those of the SeaWiFS sensor, this to ensure that any relationships found can be 
related to satellite retreaval. The relationships have also been investigated with the 
absorption at 440run instead of the 490nm absorption, these relationships proved to be 
weaker. 
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Figure 8.3: Figures 8.3 A- C show the absorption ratio of a676/a490 against Chla (mg.m-3) for each 
year (Blue= 2001, Green= 2002, Red= 2003, Black= 2004 and Violet= 2005) through the seasons 
LWSB, summer and ABEW respectively. Figure 8.3D also shows the absorption ratio against Ch1a but 
for the four dominant phytoplankton types (Diatoms = Red. Dinoflagellates = Blue, Flagellates = 
Green and Phaeocystis = Black) 
A possible reason for this could be that the Chla absorption dominants the signal at 
440nm whereas at 490nm it's contribution is lower and more absorption is contributed 
to other pigments. Figure 8.3A shows the relationships between the a676/a490 and 
Chla concentration for the L WSB period, the data for 2002 has been removed as it only 
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had 4 coincident data points. During 2001 and 2004 the relationship was weak with R 
squared values of 0.26 and 0.20 respectively. The relationships during 2003 and 2005 
had statistical significance with R squared values of 0.77 and 0.61 respectively. The 
years 200 I, 2003 and 2004 all had positive slopes, indicating the the ratio of a676/a490 
increased as the Chla concenration increased. The slope during 2005 however was 
negative. 
Table 8.3: The statistical significance of the relationships between the absorption mtio a676/a440 
against Chla (mg.m"3) for the five years through three different seasons. Four dominant phytoplankton 
types; Diatoms, Dinoflagellates, Flagellates and Phaeocystis. Only the relationships with an R squared 
value above 0.1 have been shown. The data corresponds to the figures in Figure 8.3. 
Year Indeeendent Dcecndcnt Rclationshil! R n I! 
LWSB 
2001 Chi a a676/a490 y = 0.184Ln(x) + 0.733 0.26 10 0.132 
2003 Chi a a676/a490 y = 0.380Ln(x) + 0.718 0.77 12 <0.001 
2004 Chla a676/a490 y = 0.103Ln(x) + 0.713 0.20 10 0.195 
2005 Chla a676/a490 y = -0.192Ln(x) + 0.961 0.61 7 0.038 
Summer 
2001 Chla a676/a490 y = 0.21 OLn(x) + 0.620 0.54 11 0.010 
2004 Chla a676/a490 y = 0.1 08Ln(x) + 0.587 0.45 20 0.001 
2005 Chla a676/a490 y = 0.148Ln(x) + 0.572 0.18 12 0.170 
ABEW 
2001 Chla a676/a490 y = 0.102Ln(x) + 0.778 0.67 10 0.004 
2002 Chi a a676/a490 y = 0.150Ln(x) + 0.670 0.35 9 0.093 
2003 Chla a676/a490 y = 0.271 Ln(x) + 0. 774 0.58 8 0.028 
2005 Chla a676/a490 y = 0.129Ln(x) + 0.497 0.25 13 0.082 
Dominant Phytoplankton Types 
Diatom Chla a676/a490 y = 0.199Ln(x) + 0.347 0.43 9 0.055 
Dinoflagellates Chla a676/a490 y = 0.112Ln(x) + 0.341 0.25 9 0.170 
Phaeocystis Chla a676/a490 y = 0.203Ln(x) + 0.276 0.76 5 0.054 
During the summer period relationships existed for the years 2001 and 2004 and these 
relationships were statistically significant with R squared values of 0.54 and 0.45 
respectively. The relationship during 2005 was only a weak trend with an R square 
value of 0.18. During the summer period all the significant relationships had a positive 
slope. The data for the years 2002 and 2003 was much more randomly distributed with 
no trends that could be identified. Figure 8.3C shows the relationship between the 
a676/a490 ratio and Chla for the ABEW period. Relationships existed during all years 
except 2004 with varing strengths, 2005 was the weakest year with an R squared value 
of0.25. During 2002 a trend coould be identified in the dataset with an R squared value 
of 0.35, 200 I and 2003 had statistically significant relationships with R squared values 
of 0.67 and 0.58 respectively.. All the slopes for this period had a positive slope. 
Figure 8.3D showed the relationship between the a676/a490 ratio against Chla but 
instead of by year the data is divided as to the dominant phytoplankton type. No 
relationship could be identiifed for the flagellate group, a weak trend was evident for the 
125 
Chapter 8: pigment, FRRF and absorption relationships 
dinoflagellate group. The diatom group had a more stronger relationship with an R 
squared value of 0.43. The phytoplankton type that had the strongest relationship was 
that of the Phaeocystis group, with an R squared value of 0.76, however only 5 data 
points were available for this analysis and therefore only significant at the 90% 
confidence level. 
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Figure 8.4: Figures 8.4 A - C show the absorption ratio of a676/a490 against the Chla!fP ratio for 
each year (Blue = 2001 , Green = 2002, Red = 2003, Black = 2004 and Violet = 2005) through the 
seasons LWSB, summer and ABEW respectively. Figure 8.4D also shows the absorption ratio against 
the Chla!fP ratio but for the four dominant phytoplankton types (Diatoms = Red. Dinoflagellates = 
Blue, Flagellates = Green and Phaeocystis = Black) 
As the absorption ratio of a676/a490 is the optical equivalent of the phytoplankton 
pigment ratio Chla/TP the relationship between the two ratios is now considered. The 
data set has been divided as before into seasonal periods and by year. The relationships 
during the seasonal period of LWSB are shown in the first part of Table 8.4. It can be 
seen that the relationships during this period are weak with only weak trends being 
identified during 2001 and 2004 with R squared values of 0.13 and 0.17 respectively. 
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The data during 2005 showed a stronger correlation with an R squared value of 0.34, 
with only 7 data points. Also the relationship during 2005 gave a negative slope, which 
is not consistent with the absorption ratio being a proxy for the pigment ratio. 
Table 8.4: The statistical significance between the absorption ratio a676/a490 and Chla/TP ratio for tbe 
five years and through three different seasons. Also showing tbe relationships for tbc dominant 
phytoplankton types; Diatoms, Dinoflagellates and Phaeocystis. Only the relationships witb an R 
squared value above 0.1 have been shown. The data corresponds to the figures in Figure 8.4. 
Year Independent Dependent Relationship R n p 
LWSB 
2001 Chla/TP a676/a490 y = 0.907x + 0.183 0.13 10 0.305 
2004 Chla/TP a676/a490 y = 1.532x- 0.136 0.17 10 0.237 
2005 Chla/TP a676/a490 y = -1.404x + I. 787 0.34 7 0.170 
Summer 
2001 Chla/TP a676/a490 y = 3.286x- 1.247 0.26 11 0.109 
2002 Chla/TP a676/a490 y = 0.863x + 0.257 0.22 14 0.091 
2003 Chla/TP a676/a490 y= 1.707x-0.198 0.42 17 0.005 
2004 Chla/TP a676/a490 y = 1.965x- 0.417 0.14 19 0.115 
2005 Chla/TP a676/a490 y = 3.546x- 1.390 0.72 12 <0.001 
ABEW 
2001 Chla/TP a676/a490 y = 1.158x + 0.154 0.75 10 0.001 
2002 Chla/TP a676/a490 y = 5.183x- 2.094 0.65 9 0.009 
2003 Chla/TP a676/a490 y= 1.720x-0.178 0.33 8 0.137 
2004 Chla/TP a676/a490 y = -6.049x + 3.880 0.54 10 0.015 
2005 Chla/TP a676/a490 y = 3.081x- 1.205 0.26 13 0.075 
Dominant Phytoplankton Types 
Diatom Chla/TP a676/a490 y = -2.978x + 2.336 0.23 9 0.191 
Dinoflagcllates Chla/TP a676/a490 y = 1.777x- 0.334 0.53 9 0.026 
Phaeocystis Chla/TP a676/a490 y = 4.166x- 1.612 0.62 6 0.063 
The summer period identified a relationship of varing strength during all five years. 
2005 was a weak trend with an R squared vale of 0.14, the years 2001 and 2002 had 
stronger trends with R squared values of 0.26 and 0.22 respectively. During 2003 the 
relationship was statistically significant with the R squared value of 0.42, the most 
robust relationship was found during 2005 with an R squared value of0.72. During the 
summer period all the slopes were positive indicating that the absorption ratio increased 
as the phytoplankton pigment ratio also increased. The Autumn period also gave 
relationships for all years with varing strengths. During the years 2005 and 2003 trends 
could be identified in the data with R squared values of0.26 and 0.33 respectively. The 
remaining years all gave statistically significant relationships with an R squared value 
of 0.54 during 2004, 0.65 during 2002 and the most robust relationship was found 
during 200 I, with an R squared value of 0. 75. The slopes for the relationships during 
the ABEW period were all positive with the exception of 2004, which had a negative 
slope. Figure 8.4D shows the same relationship between the optical and pigment ratios, 
however the data set is now divided by phytoplankton dominant types. No relationship 
was identified for the flagellate dominated stations and only a weak trend could be seen 
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in the diatom dominated stations with an R squared value of 0.23. The relationships for 
the dinoflagellate and Phaeocystis dominated stations bad greater strength with R 
squared values of 0.53 and 0.62 respectively. The Phaeocystis dominated station data 
only had five data points and the diatom trend was weak but had a negative slope. 
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Figure 8.5: Figures 8.5 A - C show the absorption ratio of a676/a490 against the photosynthetic 
parameter F.IFm for each year (Blue= 2001, Green = 2002, Red= 2003, Black= 2004 and Violet = 
2005) through the seasons LWSB, summer and ABEW respectively. Figure 8.4D also shows the 
absorption ratio against the ChlaffP ratio but for the four dominant phytoplankton types (Diatoms = 
Red. Dinoflagellates = Blue, Flagellates = Green and Phaeocystis =Black) 
The absorption ratio gives an indication of the Chla concenrtation compared to the total 
phytoplankton pigment assemblage. The absorption ratio is now compared with the 
FjFm ratio, which gives a measure of the photosynthetic light harvesting efficiency and 
can be related to both phytoplankton 'health' and photosynthetic rates. The comparison 
produced some strong relationships but on the whole the two parameters didn't show 
any statistical significance. The data for the L WSB indicated no relationships for the 
years 2001 and 2002, however during 2003 a trend was identified with an R squared 
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value of 0.29. During 2004 and 2005 the relationships were stronger with R squared 
values of 0.42 and 0. 75 respectively; however due to low data points the relationships 
are only significant to the 90% confidence level. The relationship in 2005 was strong 
however only five data points were available for the comparison. The slopes of the 
regressions during 2003 and 2004 were negative indicating that the F.IFm value 
increases as the absorption ratio decreased. The relationship in 2005 had a positive 
slope. The summer period gave a weak trend during 2003 with an R squared value of 
0.17, whereas during 2005 the relationship was slightly improved with an R squared 
value of 0.26. Both the slopes were positive and had each had eleven data points. The 
ABEW again only identified two relationships, however for different years, during 2001 
the relationship gave an R squared value of 0.48 with a positve slope. During 2004 a 
weak trend was identified with an R squared value of 0.23, with a negative slope and 
only five data points. Figure 8.5D showed the same relationship but as before instead of 
by year and season the data was divided into dominant phytoplankton types. A weak 
trend was identified for the diatom group with an R squared vale of 0.26 with only five 
data points. Stronger relationships could be identified for both the dinoflagellate and 
the Phaeocystis groups, with R squared values of0.42 and 0.56 respectively. 
Table 8.5: The statistical significance between the absorption ratio a676/a490 and the photosynthetic 
parameter F.IFm for the five years and through three different seasons. Also showing the relationships for 
the dominant phytoplankton types; Diatoms, Dinollagellates and Phaeocyslis. Only the relationships 
with an R squared value above 0.1 have been shown. The data corresponds to the figures in Figure 8.5. 
Year Indeeendcnt Deeendent Relationshie RI n e 
LWSB 
2003 FJFm a676/a490 y= -7.698x + 4.841 0.29 10 0.108 
2004 FJFm a676/a490 y = -2.489x + 1.996 0.42 8 0.082 
2005 F.JFm a676/a490 y = 2.365x - 0.203 0.75 5 0.058 
Summer 
2003 F.JFm a676/a490 y = 1.499x - 0.051 0.17 11 0.208 
2005 F.JFm a676/a490 y = 3.455x - 1.117 0.26 11 0.109 
ABEW 
2001 FJFm a676/a490 y = 3.474x - 1.063 0.48 9 0.038 
2004 F.JFm a676/a490 y = -0.807x + 0.924 0.23 5 0.413 
Dominant Phytoplankton Types 
Diatom FvfFm a676/a490 y = 16.975x - 8.062 0.26 5 0.380 
Dinollagellates F,/Fm a676/a490 y = 4.067x - 1.448 0.42 7 0.116 
Phaeo;z.stis F,/Fm a676/a490 :!: = -9.710x + 5.838 0.56 5 0.146 
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Figure 8.6: Figures 8.6 A - C show the absorption ratio of a676/a490 against the photosynthetic parameter 
crPSu (xJ0-20.photon·1) for each year (Blue = 2001, Green = 2002, Red = 2003, Black = 2004 and Violet = 
2005) through the seasons L WSB, summer and ABEW respectively. Figure 8.6D also shows the 
absorption ratio against the ChlaffP ratio but for the four dominant phytoplankton types (Diatoms = Red. 
Dinoflagellates = Blue, Flagellates = Green and Phaeocystis = Black) 
The absorption ratio gives information on the phytoplankton pigment composition and 
the photosynthetic parameter opsn gives a measure of the effective cross sectional area 
of photosystem II, which is controled by Chla and PPC. The two parameters a676/a490 
and Opsn are now compared to investigate any posible relationships. Figure 8.5 A - D 
shows the relationships that have been tested and the statistical results are given in 
Table 8.5. During the LWSB period only two relationships could be identified, a weak 
trend with an R squared value of 0.29 was identified for the 2004 data. During 2003 the 
relationship was much stronger with an R squared value of 0.60, the slopes for both 
relationships bad negative values indicating that as the absrption ratio increased then the 
Opsu value decreased. During the summer period a relationship could be determined for 
all years. The years 2002 and 2004 exhibited weak trends in the data with R squared 
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values of 0.11 and 0.12 respectively. Stronger relationships existed during 200 I and 
2005 with R squared values of 0.25 and 0.39 respectively. The relationship identified 
during 2003 had an R squared value of 0.60. All the slopes, with the exception of 2004, 
had negative slopes as found during the L WSB period. During the ABEW period again 
all years exhibited a relationship with varying amounts of variance explained. A weak 
trend was identified during 2005 with an R squared of 0.1 8 and a stronger trend could 
be established in the data for 2001 with an R squared value of 0.29. The data for 2004 
gave an R squared value of 0.54, however only five data points where available for the 
analysis. The years 2002 and 2003 had statistically significant relationships with R 
squared values of 0.71 and 0.61 respectively. All the slopes identified during the 
ABEW period had negative slopes. Figure 8.5D showed the same relationships but 
instead of the data set being divided by year and season it was divided by the dominant 
phytoplankton type. The diatom and dinoflagellate groups gave relationships with R 
squared values of 0.42 and 0.39 respectively and the Phaeocystis group gave an R 
squared of 0.70. The data points avaialble for this part of the analysis were limited but 
clear relationships could be identified with negative slopes. 
Table 8.6: The statistical significance between the absorption ratio a676/a490 and the photosynthetic 
parameter O'psn (x I o-20m2.photon-1)for the five years and through three different seasons. Also showing 
the relationships for the dominant phytoplankton types; Diatoms, Dinoflagellates and Phaeocystis. Only 
the relationships with an R squared value above 0.1 have been shown. The data corresponds to the 
figures in Figure 8.6. 
Year Indel!endent Del!endent Retationshie R n e 
LWSB 
2003 O'PSu a676/a490 y = -0.004x + 2.327 0.60 10 0.008 
2004 O'psn a676/a490 y = -0.002x + 1.561 0.29 8 0. 168 
Summer 
2001 O'psu a676/a490 y = -0.001 X + 1.295 0.25 7 0.253 
2002 O'psu a676/a490 y = -O.OOOx + 0.906 0.11 11 0.319 
2003 O'PSU a676/a490 y = -0.001x + 1.368 0.60 11 0.005 
2004 O'psu a676/a490 y = O.OOOx + 0.409 0.12 5 0.568 
2005 O'psn a676/a490 y = -0.002x + 1.397 0.39 11 O.Q40 
ABEW 
2001 O'psu a676/a490 y = -0.001x + 1.41 2 0.29 9 0.134 
2002 O'psn a676/a490 y = -0.003x + 1.902 0.7 1 8 0.009 
2003 O'psn a676/a490 y = -0.004x + 2.386 0.61 8 0.022 
2004 O'psn a676/a490 y = -0.002x + 1.668 0.54 5 0.157 
2005 O'psn a676/a490 y = -0.00 I X + 0.944 0.1 8 9 0.255 
Dominant Phytoplankton Types 
Diatom O'psn a676/a490 y = -0.003x + 1.826 0.42 5 0.237 
Dinoflagellates O'psn a676/a490 y = -0.00 1x + 1.383 0.39 7 0.134 
Phaeoc~stis O'psu a676/a490 ~ = -0.004x + 2.590 0.70 5 0.077 
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8.5 Conclusions 
Chla is synthesised preferentially and the efficiency of photochemistry increases in 
conditions optimal for growth. Therefore Chla/TP is an indication of the efficiency 
of photochemistry. 
The relationship between Chla!TP and Fv!Fm did not hold for all years; however some 
years indicated relationships of varying strengths. This same relationship when 
investigated between PFTs, showed good correlations in the diatom and dinoflagellate 
groups but not in the flagellate and Phaeocystis groups, this may be due to varying Chla 
concentrations within PFTs. This relationship is weak throughout the whole data set 
indicating that the ratio of Chla!TP is not the only factor affecting the efficiency of 
photochemistry. 
When the environmental conditions are unfavourable for growth the 
phytoplankton extend their <Jpsrr to maximise light harvesting. The relationship 
between the Chla/TP to <Jpsu is an inverse relationship. 
The relationship between the <Jpsu and the Chla!TP ratio also had some significance 
within years and seasonal periods. Also weak relationships could be identified for the 
different phytoplankton types, with negative slopes indicating that as the Chi!TP ratio 
increases the <Jpsu decreases. This agrees with the hypothesis that the Chla!TP to <Jpsn is 
an inverse relationship. Again this relationship was not constant through the time series 
and thus the Chla!TP is not a good indicator of <Jpsu for the data presented in this thesis. 
The Chla/TP has an optical signature and due to the relationships between the 
Chla/TP and the photosynthetic parameters then Chla/TP, Fv/Fm and <Jpsu all have 
an optical relationship. This optical relationship is the absorption ratio a676/a490. 
The optical absorption ratio had some relationships to the Chla!TP, FviFm and <Jpsn 
within some years and seasonal periods; also these relationships could be determined 
for the PFTs. These relationships are mainly stronger between the absorption ratio and 
the Chla!TP ratio, as expected as the pigment assemblage governs the absorption 
characteristics of the phytoplankton. Weak trends in the data between the optical 
absorption ratio and the photosynthetic parameters could be determined but as they do 
not hold for the whole data set it is difficult to accept the hypothesis. 
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9.1 Introduction 
The data set presented within this thesis is a comprehensive study of a coastal 
ecosystem over a five-year time period. As far as can be determined no other long term 
measurements of the photosynthetic parameters, as measured using FRRF, over annual 
cycles exist. It has allowed for the investigation between the environmental drivers 
(irradiance, water temperature and nutrient concentration), the phytoplankton 
commtmity structure and the linkages between phytoplankton pigment assemblages, 
photosynthetic parameters and optical absorption characteristics. 
9.2 L4 Station Characteristics 
The LA station is a coastal si te as it is affected by inputs from the land, mainly by 
freshwater input from the river Tamar. The station is well mixed through the winter 
months and is stratified through the summer. The fluorescence profiles show major 
bloom events during the spring, autumn periods and throughout the summer period. 
The fluorescence profiles indicate maximum Chla concentrations between I 0 - 20 m, 
however due to the effects of fluorescence quenching these maximums could extend to 
the surface. Often through the summer months (June, July and August) the water 
column is split into multiple layers and the fluorescence profiles indicate multiple Chla 
peaks associated with the different layers (Data available at 
www.westemchannelobservatory.org). Also the fluorescence profiles indicate that on 
some sample dates the Chla maximum is below the main thermocline and therefore the 
main phytoplankton community are not occupying the surface mixed layer (for example 
5 August 2002). In general the Chla maximums are associated with the surface layer 
above the main thermocline. 
Although the optical instrumentation rig is deployed through the water column the 
ancillary measurements are taken in the surface water only (;:::: 3m). The surface water 
temperature at the LA station (Figure 4.6) shows the same annual pattern for all years, 
with the coldest water temperatures found during March (;::::8.5j and the warmest in 
August (;:::: 17 .5°C). Figure 4. 7 shows the temperature difference between the surface and 
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the bottom, it can be seen that the L4 station stratifies between mid-April and late 
September. The degree of stratification varies through the summer months ranging 
from a difference of 4°C to a difference of less than I °C. The surface temperature can 
be seen to Jag the irradiance data (Figure 4.8), the lowest irradiance is between 
November and February and the coldest water temperature is after this in March. The 
peak irradiance is during the summer months (June, July and August) and the warmest 
seawater temperature is during August and September. 
Table 6.1 indicates the Chla concentrations in both the spring bloom and the autumn 
bloom each year. The highest Chla concentrations are associated with the spring and 
autumn blooms during 200 I, 6.4 and 4.0 mg.m-3 respectively. The following four years 
showed a steady decline in the Chla concentration to values of 4.0 and 1.8 mg.m-3 for 
the spring and autumn blooms respectively during 2005. Due to the dynamic nature of 
this station there is a possibility that the peak Cbla concentrations are missed between 
sampling dates. Some evidence of this can be seen on Figure 5.2C that shows the Chla 
concentration for the 2003 annual cycle; during 2003 the sampling frequency increased 
to two or three times a week during the summer months. It can be seen that much more 
information on the size, duration and frequency of bloom events can be determined 
from this figure than for the other four years. Many of the blooms would have been 
missed if the once a week sampling frequency bad been implemented. The use of 
satellite retrieved Chla for this area could be used to further investigate this theory, but 
satellite pixels are spatial averages with global (level 3) composite data having 
resolutions of 4 to 9 km2 and so small scale variability can be lost. 
The nutrient data from the L4 station shows that during the winter months the nutrients 
are found in higher concentrations in the surface water than during the summer months. 
The nitrate values drop from between 8 - 12 f.1.mol.r 1 during the winter months to below 
I J.Ul10l.r1 during the summer. Phosphate also has a winter and summer cycle with the 
inter-annual variability being more pronounced than that of nitrate. The silicate 
concentrations also show large variations between years with some large peaks 
throughout the year. To better understand the inter-annual differences and the possible 
limitations of various nutrients the ratio of nitrate to phosphate is plotted in Figure 9 .1. 
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Figure 9.1: The nitrate: phosphate ratio measured at the L4 station between January 2001 and December 
2005. Blue = 2001 , Green= 2002, Red = 2003, Black= 2004 and Violet = 2005. The black lint at 15 
indicates the Redfield ratio. 
A horizontal black line is marked on Figure 9.1, indicating the Redfield ratio of 16:1 for 
N:P (Redfield, 1958) anything below this line is nitrate limited and values above are 
phosphate limited. It can be seen that the years 2002 and 2003 have only a few sample 
dates where the ratio is greater than 16, 2005 is much lower than other years during the 
late winter - spring period. The ratio during 2004 was slightly above the Redfield ratio 
until April when it was reduced to less than 1, indicating severe nitrate limitation. The 
Redfield ratio during 2001 was uniquely different to all other years; the data was 
unfortunately sparser than in other years. The available data however indicated that the 
ratio varied over a greater range than other years with the majority of sampling dates, 
including the summer period, being greater than the Redfield ratio. All other years 
showed severe nitrate limitation through the summer months; during 2001 the ratio did 
indicate severe nitrate limitation over short time periods with recovery back to above 
the Redfield ratio. 
In general lA is a coastal station, which stratifies during the summer months and is well 
mixed during the winter. The station is generally nitrate limited through the summer 
stratified period, with the exception of the 2001 annual cycle. It is affected by 
influences from the land, mainly run off from the river Tamar, including coloured 
dissolved material and inorganic suspended material. This is consistent with the 
findings of Groom et al. (2008). 
9.3 Phytoplankton Community Structure. 
This study has shown that the phytoplankton community structure at the lA station is 
diverse and the only acceptable method for identification and quantification of this 
structure is phytoplankton microscopy counts. The alternative method of identification 
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by diagnostic pigments has been proven to be inaccurate at this station. Llewellyn et al. 
(2005) also found that when using a method called CHEMT AX, which also uses 
diagnostic pigments, incorrect groups where being attributed to bloom events. The 
main reason for these rnisidentifications is the presence of Fucoxanthin in the flagellate 
Phaeocystis pouchetii (Llewellyn et al., 2005) and the dinoflagellate Karenia mikimotoi 
(Irigoein et al., 2004). Fucoxanthin is used as the diagnostic pigment for diatoms, 
hence the misidentification. 
The phytoplankton spring bloom varies each year through the five year time series. 
Karentz & Smayda (1984) suggested that whilst water temperature is important the 
triggering mechanism for the first occurrence of a particular species depends on other 
factors as well. In this study the impacts of irradiance and nutrient status as well as the 
water temperature have been investigated. Mitchell-Innes & Pitcher (1992) reported 
that the dominant PFTs in the Benguela ecosystem were determined by water 
temperature. This study has shown that flagellates (including Phaeocystis sp.) dominate 
in the cooler waters, diatoms within the intermediate temperature ranges in early 
summer and the dinoflagellates tend to occupy warmer waters towards the end of the 
summer period (Figure 9 .2). Large error bars show the temperature ranges that each 
PFT occupies, thus indicating some degree of overlap. 
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Figure 9.2: The average water temperature at which each phytoplankton functional type doinated the 
community structure, indicating standard deviation error bars. Red = Diatoms, Blue = Dinoflagellates, 
Green= Flagellates and Black = Phaeocystis sp. 
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These observations are consistent with the hypothesis posed by Margalef (1973), that 
warmed stratified waters would create an environment favouring the growth of 
dinoflagellates over the growth of diatoms. Richardson & Schoeman (2004) also stated 
that phytoplankton abundance in the north east Atlantic is driven mainly by variations in 
the sea surface temperature. 
Phaeocystis pouchetii dominated the spnng bloom during 2001 and several spring 
blooms in previous years (1996, 1997 and 1998); see Table 5.2. The Phaeocystis 
pouchetii bloom in 2001 coincided wi th lower irradiance values in the late winter and 
spring period (Figure 4.8). Although the nutrient levels are high and the N :P ratio is 
above the Redfield ratio, the irradiance levels may have been too low to support a 
diatom bloom and therefore allowed the Phaeocystis pouchetii to dominate. Also, a 
diatom bloom would require si licate in adequate concentrations and the levels of sil icate 
during the spring Phaeocystis bloom were between l and 1.5 f..1mol.r 1• Sanderson et al. 
(2008) reported that Phaeocystis pouchetii often blooms over diatoms in waters with 
low silicate concentrations (<2 f..lillOI.r 1) . A similar pattern can be seen during 2003 
with a drop in the irradiance levels in late March then a small peak of Phaeocystis 
pouchetii as the irradiance levels increased sharply and two weeks later the diatom 
Lauderia annulata bloomed at 5.5 mg.m-3. The silicate concentration during early Apri l 
was l. 7 f..1moJ.r 1 when the Phaeocystis bloom was dominating, a week later the silicate 
concentrations rose to 5.6 f..!ffiol.r 1 thus triggering the diatom Lauderia annulata to 
dominate. 
During 2004 the N :P ratio remained at approximately the Redfield ratio through the late 
winter period and up to the spring bloom; at which point the system became severely 
nitrate limited. The species attributed to the spring bloom was the flagellate 
C01ymbellus sp. This is also a colony forming species and has been reported to succeed 
the diatoms, which dominated the earlier part of the spring bloom in the North Sea 
(Gieskes & Kraay, 1986) The irradiance levels from the late winter to the spring during 
2004 were similar to those found in 200 I. This may also explain why, in an ecosystem 
with high nutrients and no limitations, a flagellate species dominated the spring bloom 
instead of a diatom. During 2005 the succession of phytoplankton types during the 
spring period went from a small flagellate bloom to the diatom Rhizosolenia sp. to 
finally a mixed dinoflagellate bloom with increasing Chla concentrations. The N:P ratio 
for the late winter - spring period of 2005 was lower than that of previous years and 
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only approximately half of the Redfield ratio. The diatom bloom during mid April 
exhausted the nitrate concentration leaving the system nitrate limited. Despite this 
limitation a bloom of mixed dinoflagellates formed in early May with a Chla 
concentration of 4 mg.m-3. 
Following each year's spring bloom, the irradiance levels continued to rise as did the 
surface water temperatures, however the system, with the exception of 2001, was in 
severe nitrate limitation. Despite this limitation, blooms of diatoms and dinoflagellates 
continued through the summer period. These bloom events may be the result of nitrate 
inputs from {Tamar) riverine origin or other forms of nitrogen such as ammonium and 
urea. Sanderson et al. (2008) stated that dissolved inorganic nitrogen (DIN) compounds 
including nitrate, nitrite and ammonium were originally considered the main forms of 
nitrogen, however it has now been shown that dissolved organic nitrogen (DON) such 
as urea also contribute to the phytoplankton nitrogen. The main dinoflagellate species 
to bloom consistently each year is karenia mikimotoi, which is a common red tide 
dinoflagellate found particularly in the coastal waters of northern Europe (Vanhoutte-
Brunier et al., 2008). The increased stability of the water column due to stratification 
and calm weather is generally favourable for these organisms (Gentien et al. , 2007). In 
these conditions they also rely heavily on nitrogen remineralisation (Le Corre et al. , 
1993); whereas diatoms are preferentially associated with dynamic systems where fresh 
nutrients are available (Uitz et al. , 2008). Vanhoutte-Brunier et al. (2008) reported a 
vast bloom of Karenia mikimotoi in the central English Channel during 2003 caused by 
an exceptional thermocline. This agrees with the data presented in this thesis during 
June 2003; a bloom of Karenia mikimotoi was recorded during the strongest 
stratification of the five year time series (Figure 4.7). 
This study has shown that although some strong relationships can been identified 
between the Chla concentration and the three environmental drivers (irradiance, surface 
water temperature and nitrate concentrations) a more enhanced understanding can be 
achieved by observing PFTs. The study has presented strong evidence for the 
environmental conditions found at the L4 station being indicative of the dominating 
phytoplankton functional type. Although the dominant functional type can be inferred 
by the environmental drivers, the individual species within these groups dominate most 
likely due to stochastic selection. Smayda & Reynolds (200 I) reported that bloom 
species are often selected by being in the right place at the right time. 
138 
Chapter 9: Discussion 
9.4 Phytoplankton Pigments. 
Chla is the main light harvesting pigment and an essential part of both photo-system I 
and II. Evidence has been shown in this study to support the hypothesis that in 
conditions conducive to growth Chla is synthesised preferentially. This agrees with 
similar findings reported by Fishwick et al. (2006), Aiken et al. (2004) and those 
discussed by Margalef (1967). Eisner et al. (2003) reported that changes in pigments 
and phytoplankton absorption reflect changes in the phytoplankton physiology and 
species composition; these relationships are tied to fluctuations in irradiance, 
stratification and nutrients. The data set under consideration in this thesis was dissected 
into annual cycles and then further subdivided into seasonal periods. Some strong 
correlations could then be determined between the pigment ratios and the environmental 
drivers. These correlations were stronger for the Chla!TP ratio during the L WSB and 
the ABEW periods. Although some strong correlations could be determined for the 
PSC/TP and PPCffP, in general these relationships were not as strong as the Chla!TP 
correlations. This indicates that during the L WSB period Chla was synthesised 
preferentially as conditions were optimal for growth. In the ABEW period the Chla!TP 
ratio declined indicating that the Chla was de-synthesised preferentially to other 
pigments as conditions became less favourable. This is consistent with Margalef 
( 1967), who reported that Chla was more quickly synthesised and decomposed than 
other pigments and responded more rapidly than other pigments to external changes in 
the opportunity for growth. 
As discussed in section 9.3 the bloom succession was different each year and not only 
different species, but also different functional types dominated. This was set in the 
context of the L4 station being coastal in nature and therefore dynamic; with different 
irradiances and nutrient concentrations mainly affecting the dominant phytoplankton 
functional type. Different community structures have different photo-physiology, 
optimised to the niches in which they occupy. Flagellates mainly dominate in the 
winter low irradiance periods and have larger ratios of PSCrrP to extend their light 
harvesting capabilities (Figure 6.1 ). Lohrenz et al. (2003) reported a relative increase in 
concentrations of accessory pigments in waters with low Chla concentrations. Diatoms 
and colony forming flagellates tend to dominate the spring blooms with high ratios of 
Chla!TP as both nutrients and light are optimal for growth. During the summer periods 
the Chla!TP ratio remains high and although the absolute concentration of PPCs is 
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higher in the summer the Chla dominates the total pigment assemblage and therefore 
causes the PPCffP ratio to decrease in the summer months (Figure 6.1 ). 
When the ChlaffP ratio was compared to the Chla concentration the relationships were 
generally stronger for the LWSB and the ABEW periods. The relationships between 
the ChlaffP and the phytoplank:ton carbon, tended to be much weaker, this is due to the 
differences in the Carbon/Chla ratio in different functional types (Geider et al., 1997). 
Also in high light environments, the amount of Chla required to maintain the same 
carbon biomass is lower than in low light regimes (lrigoien et al., 2004 ). Maclntyre et 
al. (2002) also stated that the most common pattern of photo-acclimation to high light in 
micro-algae involves a decrease in cellular pigment content but increase in cellular 
carbon content. Table 5.2 indicates that the dinoflagellate blooms, at the lA station, in 
the high light late summer periods had significantly more carbon biomass than the 
diatornlflagellate blooms during spring. Figure 5.2 shows that the Chla concentration is 
much higher in the spring blooms than in the dinoflagellate blooms in the summer 
period, therefore agreeing with the findings of Geider et al. (1997), Lrigoien et al. (2004) 
and Maclntyre et al. (2002). 
9.5 Photosynthetic Parameters. 
The FviFm of the phytoplankton assemblage is a measure of the functional photo-system 
ll reaction centres and this gives a representation of the health of the phytoplankton 
community. A phytoplank:ton community in conditions optimal for growth (high light 
and surplus nutrients) would exhibit a high value of FviFm and conversely in non 
optimal conditions for growth the FviFm would be low. The data collected over the five 
year time series at the L4 station does not exhibit large variations in the FviFm value. 
The range of the FviFm values for this data set is limited to mainly between 0.45 and 
0.55 with some data points outside of this range. Nutrient addition experiments such as 
lronEx ll (Behrenfeld et al., 1996) reported low values of 0.22 for Fv!Fm. The FviFm 
data for the L4 station did not exhibit any winter/summer patterns; instead the values 
fluctuated around a mean of 0.51. This would indicate that the flagellate community 
dominating mainly through the winter periods has relatively high rates ofFviFm· 
As already discussed there is surplus nutrient availability through the winter, the 
limiting factor for phytoplankton growth is irradiance, however to compensate for this 
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flagellate communities m the winter extend their crpsu. By synthesising accessory 
pigments such as PSCs to extend their light harvesting range, they maximise the energy 
harvested from the limjted light that is available. Lower ratios of Chla!TP are also 
beneficial as Chla has a higher energy requirement for synthesis than the photo-
synthetic carotenoids (Margalef, 1967). Flagellates are small cells with lower volume 
to surface area ratios; hence they are less affected by pigment packaging (self shading of 
pigments within the cell) than larger cells and have lower carbon biomass to maintain. 
These different mechanisms allow the flagellate community to be better adapted to the 
low irradiance environments found in the winter months and therefore exhibit lower 
biomass but relatively high FviFm. 
Previous studies such as BenCal (Fishwick et al., 2006); SOIREE (Boyd et al., 200 I) 
and IronEx 11 (Behrenfeld et al. , 1996) reported low Fv!Fm for flagellates and pico-
plankton that are limited by nutrient availabil ity rather than irradiance. Once the 
irradiance levels start to increase into the spring period then a community shift towards 
colony forming flagellates or diatoms occurs. As conditions are favourable then FviFm 
remains relatively constant, however as the nutrients become limited and the Redfield 
ratio declines then Fv/Fm declines. This may explain the negative slopes found in the 
irradiance to FviF m relationships in the L WSB period. 
Once the nutrient levels are depleted then the diatom community declines giving way to 
the background community of flagellates at low Chla concentrations. Although the 
lowest Fv!Fm values are associated with the summer period these only represent a small 
number of sampling dates, on the whole the Fv!Fm through the summer remains 
relatively constant. The irradiance levels are high and not limiting but the nutrients 
indicate severe nitrate limitation; the background community of flagellates are possibly 
in balanced nutrient limited growth (Moore et al. , 2008). Also in nitrogen limitation, 
phytoplankton increase light harvesting pigments and reduce the number of PSll 
reaction centres in relation to the light harvesting complex (Kolber et al., 1988; 
Falkowski et al., 1989; Geider et al., 1993 and Berges et al., 1996). This means that 
with fewer reaction centres the efficiency of light harvesting remains high. 
Through the summer period, despite nitrate limitation, small phytoplankton blooms still 
occur and this could be a result of ammonia and urea utilisation and also as reported by 
Geider & LaRoche (2002) the transition between N and P limitation varies greatly 
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between taxa and with growth conditions. It has been shown that the environmental 
drivers cause different PFTs to dominate. The PFTs are adapted to the environmental 
conditions in which they dominate and hence the efficiency of photochemistry remains 
relatively constant at a high value. 
The crpsn value however changes between phytoplankton functional type and within the 
same type as a response to changing light levels. The value of crpsu is generally greater 
in small cells, which dominate in low light regimes and smaller in larger cells 
dominating in higher light conditions. Some relationships did exist between the crpsu 
and the environmental conditions; these were mainly found in the ABEW period when 
decreasing irradiance correlated to the increasing crpsu. Also the increasing nitrate 
concentration had some relationship with the <Jps11• 
It is important to note that the FRRF technique is only measuring the crps11 relative to the 
Chla pigment. The accessory pigments used to extend the crpsn are not detected by the 
FRRF as they excite and fluoresce at different wavelengths than Chla. With the 
advances in electronics, particularly in high powered LEDs, it is now possible to have 
sensors to probe these accessory pigments. For this reason the true size of the crpsu 
cannot be determined using FRRF and this is a critical point for the pigment 
relationships. The reason why larger crpsu are measured in lower light regimes is, 
because as well as synthesising accessory pigments, phytoplankton also reduce the 
number of reaction centres associated with a light harvesting complex. This means that 
the same pigments are passing photons to fewer reaction centres (Suggett et al., 2006). 
The reduced number of reaction centres in the light harvesting complex will extend the 
<Jpsn, resulting in fewer reaction centres to maintain and therefore FviFm will remain 
high. 
During the analysis of this data set it has become apparent that the calculation of the 
crpsn assumes that the absorption at 470nm is entirely due to the absorption of 
phytoplankton. This assumption works in oceanic regions; however at coastal and 
inland stations such as L4, other properties are absorbing at these wavelengths, 
principally the coloured dissolved organic material (CDOM). As the crpsu is measured 
from the slope of the saturation phase of PSil (see Figure 2.5), in waters with other 
absorbing compounds the saturation will take longer and give artificially lower values 
of <Jps11• This effect has never been discussed in the literature; however discussions with 
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Dr. Suggett revealed that he found lower than expected values for crpsu in lakes (Suggett 
et al., 2006a). More work is required to fully quantify any effects of CDOM and light 
scattering. Providing that the saturation of PSII is achieved then FvfFm is unaffected by 
this phenomenon. 
9.6 Pigment, FRRF and Absorption Relationships. 
As discussed in section 9.5 the Fv!Fm of the phytoplankton does not have a seasonal 
pattern, this is in contrast to the Chla/TP ratio, whlch is high in the spring and autumn 
blooms, low in the winter and fluctuates through the summer. It is for this reason that 
consistent relationship was identified between the Chla/TP and Fv!Fm parameters. The 
reasons for the seasonal patterns in the Chla/TP ratio are explained in section 9.4 and 
the lack of any significant range in the Fv!Fm ratio is discussed in section 9.6. 
The ChlaffP ratio as discussed earlier is lower in the winter and higher in the spring and 
autumn bloom. The ratio is also generally rugher in the summer but fluctuates 
depending on functional type and nutrient availability. The value of crpsu is high in the 
spring and autumn blooms and is higher still during the winter period as irradiance 
levels are low. Again crpsu is generally low in the summer months as irradiance levels 
are high, however some fluctuations occur due to community structure changes and 
nutrient limitation. Some strong correlations existed in the data set but not for all years, 
this could be due to differences in pigment assemblages of the PFTs. There is a lack of 
information on the role of accessory pigments in the increase of crpsn, as the FRRF only 
probes Chla, however the Chla/TP ratio would reflect a decrease in Chla and an increase 
in the accessory pigments. Finally the phytoplankton also regulates the crpsu with a 
reduction in the number of reaction centres in relation to the light harvesting complex. 
This is not accounted for in the Chla!fP ratio and may also vary between functional 
types. 
Aiken et al. (2004) reported that for the 200 I annual cycle at the IA station the 
relationship between Chla/TP and Fv!Fm was significant. Differences between the data 
set presented within this thesis and the Aiken et al. (2004) paper exist. The 
photosynthetic parameters are different as in the Aiken et al. (2004) paper the FRRF 
data was processed using the FRS software provided by Chelsea Technologies Ltd. 
This software unfortunately will fit a saturation curve to any data, even a random 
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distribution. As no statistical test is performed on the fit this is impossible for the user 
to identify. The lA data set under consideration in this thesis was processed using the 
more robust processor provided by Sam Laney that rejects bad data and gives a Chi 
squared value for the curve fit. After processing the lA 2001 data with the more robust 
processor, much of the LWSB data was rejected as the data was of poor quality. This 
thesis does not therefore report any FRRF data for the L WSB period of 200 1. 
The absorption by phytoplankton is controlled by the phytoplankton pigment 
assemblage, it is therefore reasonable to hypothesise strong relationships between the 
two measurements. In this study the Chla/TP ratio has been investigated against 
environmental drivers, biomass and photosynthetic parameters. An optical proxy for 
this ratio was suggested by Aiken et al. (2004) to be a676/a440, as only Chla absorbs at 
676nm. The 440nm band is problematic as absorption is mainly by Chla as the 
accessory pigments tend to absorb more towards the green at 490nm. The relationships 
between both a676/a440 and a676/a490 to Chla/TP have been investigated and the 
relationships are more significant between the a676/a490 and Chla/TP. For this reason 
the optical ratio of a676/a490 has been used in this study, with the proviso that it is not 
an exact proxy for Chla/TP. Given the uncertainties, some strong relationships have 
been identified between the Chla/TP and a676/a490. These are strongest in the ABEW 
periods and the relationships varied between years. The L WSB period was the period 
with least significance between these two variables. The relationships within the 
phytoplankton dominant types indicated strong correlations within the dinoflagellate 
and Phaeocystis groups but no significant relationships within the diatoms and 
flagellates . The differences between the different PFTs may explain the periods of 
lower significance in the seasonal comparisons. 
The relationship between the optical absorption ratio and the FviFm value are weak and 
insignificant; given the weakness of the relationships between the Chla/TP and FviFm, as 
discussed previously, then it would be expected that the relationships between the FviFm 
and optical absorption would also be weak. The reasons for these weak relationships 
have been discussed earlier in this section. 
If, instead, crpsn is used, then more significant relationships with the a676/a490 ratio 
might be possible as crpsn has a more direct relationship to the phytoplankton pigment 
assemblage. However, this relationship is not consistent between years with only some 
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years being significant and in other years having no relationship. The reasons for this 
are the same as those given previously in this section for the relationships between crpsu 
and Chla/TP. 
9.7 Future work. 
Further work is needed to resolve the issue that the sampling frequency is possibly 
causing key features to be missed in periods between sampling and where there was no 
sampling due to constraints whh the weather and ship time. The Plymouth Marine 
Laboratory has been awarded a NERC grant to operate two long term moorings, one at 
the L4 station and the other at the E l station. The L4 buoy is due to be deployed during 
spring of 2009, measuring irradiance, wind speed, wind direction, air temperature and 
humidity, water temperature, salinity, Cbla fluorescence, turbidity, dissolved oxygen, 
CDOM fluorescence and nitrate concentration. This will help to establish bloom 
conditions, duration and intensity. 
In order to further understand the spatial differences surrounding the L4 station, an 
underway suite of scientific instruments has been fitted to the R.V. Plymouth Quest. 
Measurements of water temperature, salinity, dissolved oxygen, attenuation, and pC02 
are taken along track. These measurements will assist in the characterisation of the 
water masses surrounding the L4 station. 
This study has concentrated on investigating these relationships for the surface layer 
only. Other interesting interactions may exist through the water column, e.g. Chla 
maximum, effects of low light adaptation and greater ranges of Chla will further 
enhance the understanding of these relationships. 
In this study, what are considered to be the main environmental drivers have been 
investigated. Within this dataset further parameters exist; wind, rainfall, surface minus 
bottom water temperature (measure of stratification), nutrients (phosphate, N :P, and in 
more recent years ammonia and urea) and water column profiles. Strong correlations 
have been identified within this thesis and further investigation using all available 
variables and the use of multivariate statistics could possibly add more detailed 
correlations. 
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An investigation into the impact of CDOM and scattering in coastal and inland waters 
on the accurate retrieval of crpsrr could be carried out. This study has highlighted that a 
possible error exists in the calculation of the crpsu in waters containing CDOM and other 
absorbing compounds. The crpsrr is a critical component in the methods for calculation 
of primary production and if incorrectly calculated could produce greater errors m 
primary production estimates. 
The use of the Wet Labs AC9 (measuring absorption and attenuation at 9 wavelengths 
through the visible spectrum) data to identify relationships with phytoplankton pigment 
assemblages could be investigated. The absorption on filter paper technique (P ABS) is 
time consuming and better relationships may be established with the in-situ technique. 
The sampling frequency tends to indicate shifts in the dominant PFTs in response to 
environmental drivers. To understand the changes in the photosynthetic parameters 
through a bloom period a much higher sampling resolution is required. There are plans 
to utilise the scientific data buoy at the L4 station to deploy an FRRF and Wet Labs 
AC9+ in moored mode through such a bloom period. 
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10.1 Overall Thesis Conclusions. 
The environmental conditions at the L4 station can be seen to drive the dominant 
phytoplankton functional type. These PFTs have adapted to the niches that they 
occupy. Generally when the conditions are optimal for growth the PFT will synthesise 
Chla preferentially over other pigments and hence the Chla/TP ratio has strong 
relationships to the environmental conditions. There is also evidence that when the 
conditions become more or less favourable for growth a shift in the phytoplankton 
community occurs. This also has some effect on the relationships between the Chla/TP 
ratio and the environmental drivers. 
Due to the adaptive mechanisms the PFTs maintain a high degree of FviFm throughout 
the year and therefore no consistently significant seasonal patterns or relationships with 
the environmental drivers can be inferred. This provides more evidence of taxonomic 
changes in the community structure with changing environmental conditions. The crpsn 
has a relationship with the pigment assemblage but is not governed entirely by it; for 
this reason some relationships can be determined between the Chla/TP and crpsn. Also 
this study has highlighted the possibility of inaccurate retrievals of crpsu when other 
absorbing compounds e.g. CDOM are present in the water column. 
Good relationships can be identified between the Chla/TP and the absorption ratio as the 
pigment assemblage determines the absorption characteristics of the phytoplankton. 
The FviFm does not have consistently significant relationship to the absorption ratio, as 
the FviFm has no seasonal pattern. crpsn has some relationships but these are not 
consistent through the data set as pigment assemblage is not the only factor governing 
the crpsn and different PFTs have different ranges of crpsn. 
The relationships between the pigment assemblages and the photosynthetic parameters 
are not consistent within time periods or between PFTs. This is due to the fact that the 
photosynthetic parameters are influenced by the pigment assemblages but not entirely 
governed by them. 
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Table listing Symbols and Acronyms contained within this thesis. 
Symbol 
Chla 
Chlb 
Chic 
TP 
PSC 
PPC 
PFT 
HPLC 
FRRF 
Fo 
Fm 
Fv 
Fv/Fm 
crPSI I 
ct>F 
ct>P 
Kf 
Kh 
Ks 
Kp 
p 
PSI 
PSII 
CDOM 
TSM 
a676/a490 
D480/D665 
a tot 
aw 
ay 
ap 
1.. 
ERSEM 
DGOM 
LWSB 
ABEW 
WEC 
NASA 
SeaWiFS 
ESA 
MERIS 
Description 
Chlorophyll a (plus allomers and epimers) 
Chlorophyll b 
Chlorophylls c I + c2 + c3 
Total pigments 
Photosyntl1etic carotenoids 
Photoprotective carotenoids 
Phytoplankton functiona l types 
High Performance Liquid Chromatography 
Fast Repetition Rate Fluorometer 
Initial fluorescence before saturation of PSII. 
Maximum fluorescence after saturation of 
PSI I. 
Variab le fluorescence = (Fm- Fo). 
Photochemical efficiency (Dark Chamber) 
Effective absorption cross section of PSII 
(Dark Chamber) 
Fluorescence yield 
Quantum yield of photochemistry of PSI I 
Fluorescence 
Heat production 
Spill over into PSI 
Photochemistry 
Proportion of reaction centres open to photons 
Photosystem I 
Photosystem 11 
Colour Dissolved Organic Material 
Total Suspended Material 
Ratio of phytoplankton absorption 676 & 
490nm. 
Optical densities ofphytoplankton extracts in 
90% acetone at 480 and 665 run 
Total absorption 
Absorption by pure water 
Absorption by yellow substance 
Absorption by phytoplankton 
Wavelength 
European Regional Seas Ecosystem Model 
Dynamic Green Ocean Model 
Late Winter - Spring Bloom 
Autumn Bloom - Early Winter 
western Engli sh Channel 
National Aeronautics and Space 
Administration 
Sea-viewing Wide Field-of-view Sensor 
European Space Agency 
Medium Resolution Imaging Spectrometcr 
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Formula/Units 
Per + But+ Fuc + Hex + Lut+Pras 
Viol + Diad + Allo + Diato + Zea + 
Caro 
Arbitrary units 
Arbitrary units 
Arbitrary units 
Un it-less, range 0-1. 
xI 0-20m2photon-1 
m-1 
mg.m-3 
Unit-less 
Unit-less 
m-1 
m- 1 
m- 1 
m-1 
nm 
Blackford et al. , 2004 
Le Quere et al., 2005 
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The relationships between phytoplankton pigments, optical properties and photosynthetic parameters 
for different phytoplankton functional types (derived by diagnostic pigment indices, DPI ) were determined 
from data acquired in the Benguela ecosystem and the offshore region in October 2002. We observed robust 
inter-pigment relationships: total chlorophyll-a (TChla) was highly correlated with total pigment (TP) 
and accessory pigment (AP). However, the regression equations for stations dominated by fl agellates 
differed from the equations for stations dominated by diatoms and dinoflagellates. T he pigment ratio 
TChlafT P and the optical ratio a676fa440 were not constant but increased non-linearly with increasing 
TChla or TP; complimentarily the AP/T P and a490fa676 ratios decreased. T here were significant non 
linear relationships between the photosynthetic parameters Fv/Fm or O"psn measured by Fast Repetition 
Rate Fluorometry and TChla orTP. Pigment ratios, optical ratios, Fv/ F111 and a PSII were all inter-correlated 
with high significance. We determined the distinctive bio-optical properties associated with dominant 
phytoplankton functional types (derived by DPI ) that conformed to the classical partitioning: fl agellates 
(nano-plankton, compri sing several taxa) had low biomass, low TChlafTP fraction and low F,./ F m and 
high a PS11 ; diatoms a nd dinoflagellatcs (micro-plankton) had high biomass, pigment ratios, FvfF m and 
low O"psu· 
INTRODUCTION 
An understanding of t he functional role of plankton in 
aquatic ecosystems is crucial to quantifying and under-
standing the Earrh system and its role in the regulation of 
climate. In the marine environment, the organization of 
plankton, species diversity and seasonal succession are 
aspects of ecology that differ regionally; knowledge of 
this diversity is core to understanding phytoplankton func-
tional roles. T he environmental conditions (light, nutri-
ents, temperature, salinity, turbulence a nd stratification) 
in different ecosystems are the characteristics that force 
plankton diversity and seasonal succession. Q uantifying 
the Earth system needs representations of marine 
ecosystems that arc realistic, evolving from simple 
system descriptions (Fasham, 1993) to more complex bio-
mechanistic models (Flynn, 2001) tempered by the 
realization that not all the hundreds of plankton species 
can be included explicitly. T he use of keystone species or 
functional types to represent ecosystem functioning is a 
practical st rategy, used by models such as the 
European Regional Seas Ecosystem Model (ERSEM; 
Blackford et al. , 2004) and the Dynamic Green 
Ocean Model (DGOM; Le Quere et al. , 2005). For 
explanation of symbols, abbreviations and acronyms see 
Table I. 
J ournal if the lvlan·Tir Biologiral Amciation if tht Unittd Kingdom (2006) 
Global and regional models of prima ry production 
(Platt, 1986; Morel, 1991; Behrenfeld & Falkowski, 1997) 
have used chlorophyll-a (Chla) derived from satell ite 
ocean colour data as the principal variable for phyto-
plankton biomass. Chlorophyll-a is both the major ubiqui-
tous light-harvesting pigment and an essential component 
of planr photo-systems (both PSI and PSII ) but it is an 
inexact proxy for biomass because of the variability of the 
Carbon:Chla ratio (Geider e t al., 1997). The pigment 
assemblage d iffers for different phytoplankron taxa, 
comprising light-harvesting photosynthetic carotenoids 
(PSCs) and photoprotective carotenoids (PPCs) both of 
which can be involved in the regulation of the quantum 
efficiency of photosynthesis. Individual PSCs and PPCs 
have been used as 'taxa-specific' pigments: e.g. fucox-
anrhin (PSC) for diatoms; peridinin (PSC) for dinoflagel-
lates; zeaxanthin (PPC) for prokaryotes. These are useful 
but not definitive indicators. The detection of ' taxa-
specific' colour signatures in remotely sensed ocean colour 
spectra could provide data on the biomass of phyto-
plankton functional types, for use in models or for valida-
tion of model results. The absorption spectra of PSCs and 
PPCs are different (Bidigare et al. , 1990) bur generally the 
' taxa-specific' PSCs have broadly similar absorption 
spectra differing only in fine-structure and rendering the 
bio-optical approach non-specific. The1·e have been 
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Table l. Abbreviations for phytoplankton pigments, pigment formulae, FRRF variables arzd photosynthetic parameters, optical 
absorption ratios and model acrorryms. 
Symbol 
Chi a 
Chlb 
Chic 
Chi idea 
DVChla 
Allo 
But 
Caro 
Diad 
Diato 
Fuc 
Lut 
I-I ex 
Per 
Viol 
Zca 
Pras 
TChln 
AC 
AP 
TP 
Tpig 
DP; DPI 
TChln( fP 
TChla/AP 
PSC 
PPC 
PFT 
D 
d 
F 
Description 
Chlorophyll-a (plus allomers and epimers) 
Chlorophyll-b 
Chlorophylls-c1 +c2+c3 
Chlorophyllide-a 
Divinyl chlorophyll-a 
Alloxanthin 
19' -Butanoyloxyfucoxanthin 
Carotenes 
Diadinoxanthin 
Diatoxanlhin 
Fucoxanthin 
Lutein 
19' -Hexanoyloxyfucoxanthin 
Peridinin 
Violaxanthin 
Zeaxanthin 
Prasinoxanthin 
Total chlorophyll-a 
Accessory carotenoids 
Accessory pigments 
Total pigments 
TP as used by Aiken et al., 2004 
Diagnostic Pigments; DP Indices 
Total chlorophyll a to total pigments 
Total chlorophyll a to accessory pigments 
Photosynthetic carotenoids 
Photoprotective carotenoids 
Phytoplankton functional types (e.g. diatoms, 
dinoflagellates, flagellates or prokaryotes). 
Diatom proportion of DP 
Dinoflagellate proportion of DP 
Nano flagella te proportion of DP, chrysophytes, 
Formula/ Units 
Also total chlorophyll-a Aiken et a l. , 2004 
PP-Carotene+ Pe-Carotene 
Chla+ DVChla+ Chi idea 
Allo + But+ Caro +Diad+ Diato + Fuc +Hex+ 
Lut+ Per+ Viol+Zea 
AC+Chlb+Chlc1 +Chlc2+Chlc3 
TChln+AP 
Allo+ But+ Chlb + Fuc + Hex+ Per+ Zea 
TChla/TP 
TChla/AP 
Per+But+ Fuc+ Hex+ Lut+ Pras 
Viol+ Diad+ Allo + Dia to+ Zca + Caro 
Fuc/DP 
Per/DP 
(Allo+ But+ Chlb+ Hex)fDP 
p 
prymnesiophytes, cryptophytes and chlorophytes 
Prokaryote proportion of DP ZeafD P 
M 
F. 
Fm 
F. 
F./Fm 
qPSII 
PS I 
Mixed, with significant fractions of D, d and F 
Initial fluorescence before saturation of PSII 
Maximum fluorescence after saturation of PSI I 
Variable fluorescence= (Fm-Fo) 
Maximum photosynthetic quantum efficiency 
Effective absorption cross section of PSI I 
Photosystem I 
Photosystem I I 
Arbitrary units 
Arbitrary units 
Arbitrary units 
Unit-less, range 0-1. 
x I0- 20 m 2 photon- 1 
PS I I 
a676fa440 
DH3/D665 
Ratio of phytoplankton absorption 676 and H{) nm 
Optical densities ofphytoplankton extracts in 90% 
Unit-less 
Unit-less 
acetone at 443 and 665 nm 
Dt180fD665 Optical densities of phytoplankton extracts in 90% 
acetone at 480 and 665 nm 
Unit-less 
ERSEM 
DGOM 
European Regional Seas Ecosystem Model 
Dynamic Green Ocean Model 
reports of ocean colour data interpreted in terms of phyto-
plankton functional types (PITs) mostly by empirical 
approaches (Gregg et a l. , 2003; Sathyendranatl1 et al., 
2004; Alvain et a l. , 2005) that might be indicative of an 
unidentified functional link. 
Margalef (1967) discussed the organization of plankton, 
species diversity and productivity, linked to phytoplankton 
pigments ( Chla in relation to carotcnoicls) a nd optical 
properties e.g. D430/D665 (definitions Table 1). He 
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Blackford et al., 2004 
Le Quere et al., 2005 
reported that C hla was more quickly synthesized and 
decomposed than other pigments and responded more 
rapidly than other pigments to external changes in the 
opportunity for growth. Pigment composition was a good 
indicator of the state of populations, since it covered not 
only taxonomic composition, but also the physiological 
state of the plankton. The optical ratio increased from the 
coast to offshore and was particularly low (TChlafTP, 
high) in estuaries and plankton blooms. 
Schluter et al., 1997 and Holmboe et al., 1999 showed 
that the fract ion of carotenoids was greater for nutrient 
starved cultures (i.e. low TChlafTP). J effrey & 
Hallegraeff, 1980 reported that D480/ D665 (approxi-
mating to the carotenoid/ Chla ratio) was between 2.5 
and 3.0 for living cells with higher ratios for older 
cells. Heath et al., 1990 reported carbon/ Chla ratios, 
D480/D665 absorption ratios and carbon/nitrogen ratios 
all eo-varied, with low values of D480/ D665 ratio, corres-
ponding to high Chlafcarotenoid, h.igh Chla/ Carbon and 
high Nitrogen/ Carbon, i.e. healthy (photosynthesizing) 
cells. 
In a seasonal study in the western English Channel 
Aiken et al., 2004 showed that TChlafTP increased from 
a minimum value ( -0.43) in mid-winter to a maximum 
in the peak of the spring bloom ( -0.61) and diminished 
from a secondary maximum in the peak of the autumn 
bloom ( -0.65) to the mid-winter minimum; in both 
periods the TChlafTP was linea rly correlated with inte-
grated photon flux (PAR) for the previous few days. In 
the summer stratified period with nutrient depletion in 
the surface layer, the TChla/TP ratio was low, except in 
mini-blooms, associated with episodic nutrient pulses, 
possibly from sub-thermocl.ine sources. T here were direct 
linear relationships between pigment ratios (e.g. TChlaf 
TP) optical ratios (e.g. a676fa443) and photosynthetic 
quantum efficiency (F./FnJ measured by Fast Repetition 
Rate Fluorometry (FRRF; Kolber & Falkowski, 1993; 
Kolber et al., 1998). Aiken et al. (2004) concluded that 
phytoplankton synthesize Chla preferentially to other 
pigments in conditions beneficial for growth; i.e. the 
TChlafTP ratio was greater when plants were growing 
actively and conversely the ratio of A P fTP decreased. 
O ther observations of pigments, optical and photosyn-
thetic parameters derived by FRRF (F./Fm and the cross 
section of PSII, aPSII• w-20 m2 photon -I) have shown 
similar inter-correlations (e.g. Aiken et al., 2000; Suggett 
et al., 2001, 2006; Moore et al., 2003, 2005; Aiken et al., 
2004; Smyth et al., 2004). The iron enrichment experi-
ments, l ronEx II (Behrenfeld et al. , 1996) and SOIREE 
(Boyd & Abraham, 2001) pioneered the use of the FRRF, 
showing links between Fv/Fm and phytoplankton 
pigments. Globally, TChlafTP varies from "' 0.2 in 
nutrient (and Fe) depleted zones to > 0.7 in high-biomass 
blooms, with Fv/Fm ranging "' 0.2- 0.65; 0.23- 0.55 in 
IronExii and 0.37- 0.53 in the English Chan nel. 
In this paper we analyse the bio-optical data acquired 
during a two week cruise in the Bengucla ecosystem, 
bet\.veen Cape Town and the Orange River, from 4-18 
October 2002, (station locations Figure 1). Chlorophyll-a 
concentrations were > 25 mg m -l in the upwelling zone 
and "' 0.25 mg m - 3 in surface water offshore. We test the 
hypothesis derived from Margalef, 1967 and Aiken et al., 
2004: phytoplankton synthesize Chla preferenrially to 
other pigments in conditions conducive to growth, with 
changes in the phytoplankton community composition as 
a consequence. In this case study, we analyse the relation-
ships between pigment composition ( HPLC pigment 
analysis) optical absorption spectra and phytoplankton 
photosynthetic parameters (by FRRF). Together these 
define the bio-optical properties of the major phyto-
plankton functional types (PITs) as determined by 
diagnostic pigment indices (DPI ). 
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Bmguela ecosystem, South Africa 
Upwelling in the southern Benguela can be highly vari-
able though a frontal zone is usually well defined in both 
temperature and pigment distributions, coinciding with 
the shelf edge. Maximum upwelling occurs in summer 
(October- March) in the south (33°-34°S) but can be 
continuous in some 'cells' (H ardman-Mountford et al., 
2003). Phyroplankton communities are generally domi-
nated by diatoms and dinoflagellates, but occasionally 
small flagellates (Mitchell-Innes & Winter, 1987; Pitcher 
et al. , 1992). Diatoms tend to dominate inshore in 
nutrient-rich water, while flagellates are more important 
offshore on the seaward side of the fronts. Red tide 
blooms occur throughout the region, particularly during 
quiescent periods in aged upwelled water, as stratificat ion 
increases (Pitcher et al., 1998). 
MATERIALS AND METHODS 
Temperature, salinity, nutrient and pigment mwrysis 
Station oceanographic properties were measured with a 
SeaBird Electronics (SBE) 911 Plus CTD in combination 
with a rosette sampler to collect seawater samples at 
discrete depths. Nutrient samples were stored at - 35°C 
for analysis ashore using a Technicon Auto-analyser 
according to Grasshoff et al., 1983 and Kirkwood, 1994. 
Seawater (0.5- 2.0 I) was filtered through 25 mm GF/ F 
filters and frozen immediately in liquid nitrogen for 
HPLC analysis ashore, using the methods reported by 
Barlow et al. , 1997 and Barlow et al. , 2004. Diagnostic 
pigment indices (Vidussi et al. , 2001) were derived to 
determine the dominanr phytoplankton taxonomic groups 
or functional types (PITs), as defined in Table I. Four 
dominant PFTs were determined: diatoms (D ), dino-
flagellates (d), small flagellates comprising chrysophytes, 
prymnesiophytes, cryptophytes and chlorophytes (F) and 
prokaryotes comprising eyanobacteria and prochloro-
phytes (P). 
Fast upetitioll rate fluorometer (FRRF) 
A Chelsea Technologies Ltd FAST''"'*" (Ser. no. 182043) 
was deployed from the crane on the starboard quarter 
(outboard reach 4-6 m) positioned stern-to-sun to avoid 
ship shadow. The instrument was mounted horizontally 
with a depth sensor and 2n PAR (40Q-700 nm) sensor 
and lowered at "' 0.5 m s-1 through the water column to a 
depth >I% light level. The excitation source was a bank of 
LEDs with peak emission at 478 nm, configured for 100 
saturation fl ashes of duration 1.1 J.lS with 2.8 ps interval 
between flashes. The fluorescence signal was detected at 
668 nm; 8 sequences were averaged per acquisition. The 
instrument gain was fixed at I for the high chlorophyll 
inshore stations which prevented data loss due to gain 
switching and was set to auto-ranging at the offshore 
stations due to the low signals in the surface waters. 
Blanks of 0.2 pm fi ltered seawater were run daily in both 
the light and dark chambers at all gains (Cullen & Davis, 
2003). All data were processed using FRS software 
(Chelsea Technologies Ltd). No blank corrections were 
applied as the blank signals constituted less than I% of 
the fluorescence at the inshore stations and 5% at the 
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Figure 1. M ER IS Chlorophyll (scale bar along the bottom in mgm-3) for 15 October 2002, of the Benguela ecosystem ofrthe 
west coast of South Africa, showing the station number with the dominant phytoplankton type. Black squares, d iatoms; open 
circles, dinoAagellates; crosses, flagellates; a nd plus-signs indicate stations with mixed populations. 
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lowest chlorophyll station offshore. T here were 47 FRRF 
profiles at 37 of the 41 stations. We have focused on the 
unquenched values of Fv/Fm and CTPSn derived at depths 
where both photochemical and non-photochemical 
quenching were negligible and the values of the photosyn-
thetic parameters were maximal (as described in Aiken et 
al., 2004). The data was binned at I m imervals and a n 
average was taken around the maximum unquenched 
values of Fv/Fm and CTJ>Sn· At a few stations in shallow 
surface layers or very high light, quenching of F0 and Fm 
persisted through the surface layer and it was not possible 
to determine a valid unquenched value for Fv/ Fm and 
C1 PSII· 
Particulate absorption spectra (PABS) 
At each sample depth, a predetermined volume of 
seawater was fi ltered through a Whatman GF/F glass-
fibre filter. The optical densities of the particles were 
measured using a Ll-COR radiometer (LI-1800 U W) 
equipped with an integrating sphere. Hydrated GFf F 
fi lters were periodically used as a blank . The spectral 
absorption coefficient of particulate matter, ap(J.), was 
recorded between 370- 750 nm in 2 nm increments. T he 
value of ap(750) should be equal to zero, so the remaining 
~values were shifted at all wavelengths so ap(750) =0. The 
path length amplification due to multiple scattering inside 
the filter was corrected using a parameterization given by 
Mitchell & Kiefer, 1988. Duplicate filtrations were taken 
in a non-systematic manner. One filter was soaked in 
CH 30H to de-pigment the sample (Kishino et al. , 1985) 
and determine the absorption spectrum of bleached cells 
and detritus. When the bleaching protocol was not used, 
the ~ spectrum was de-convolved into its algal and 
detrital components (aph and ad,) by the method of 
Bricaud & Stramski, 1990. 
RESULTS 
Physical-biological stmctures, bio-optical distributions 
and diversiry 
The mean data for the surface layer at each station are 
given in Table 2 and the bio-optical properties for the 
depths of the unquenched value of F v! F m are given in 
Table 3. In the inshore upwelling zones (see Figure I) 
most stations had a surface layer depth of 10 to 20 m 
but < 10 m at three shallow coastal stations. Surface 
Table 2. Average values of surface layer properties: surface layer depth ( SLD), temperature ( SL T ), nitrate concentration, T Chla , 
AP, the dominant phytoplankton type(%, ue Table 1), T ChlajTP and a676ja440. 
SLD SLT Nitrate TChla AP Do m. Diat Dino Flag Prok TChla/ a676/ 
Station (m) (oC ) (pM) (mg m - 3) (mg m - 3) Taxa (%) (%) (%) (% ) TP a440 
2 12 IS.3 0.97 2.0 1 I.S2 F 30 9 54 7 0 .569 0.302 
3 24 15. 1 1.11 3.4 1 2.94 M 28 34 33 s 0.538 0.342 
4 11 16.0 0.1 4 2.8 1 2.25 D 42 30 24 4 O.S56 0 .336 
s 2 1 IS.3 0.1 4 4.04 3.22 d 25 47 24 4 O.S56 0 .377 
6 28 14.7 2.72 6.05 4.26 D 64 23 12 I O.S87 0 .4S8 
7 IS.S 14.8 0.90 6.41 5.02 d 30 6 1 7 2 O.S6 1 0.480 
8 8 IS.2 0 .22 9. 7 1 7.44 d 24 69 6 I 0. 566 0.494· 
10 15 15.0 0.93 6.74 4.96 M 46 42 11 I O.S76 0.462 
11 20 15.0 0.57 S.92 4.99 d 25 68 4 3 O.S43 D.401 
12 12 15.2 2.S2 4.S8 5.06 M 30 32 34 4 0. 'H5 0.406 
14 20 13.7 6.36 6.9 1 5.30 D 53 8 36 3 O.S66 0.441 
15 10 12.2 23.23 3.0 1 2.09 D 62 8 28 2 O.S91 0.42S 
16 18 11.5 1.07 2.S6 2.41 F 24 IS 48 13 O.S IS 0 .3S4 
17 20 15.1 2.68 22.6S 14.86 D 84 6 9 0.604 
18 15 13.6 5.09 13.06 8.85 D 63 IS 2 1 0.596 0 .476 
19 15 14.4 2. 18 24.60 15.08 D 85 s 9 I 0.620 0 .582 
22 50 16.3 1.07 0.68 0.73 F 11 4 83 2 0.484 0.249 
24 36 15.9 1.25 0.58 0 .64 F 10 3 84 3 0.476 0.296 
25 23 16. 1 0.36 0. 74 0.85 F 10 14 60 16 0.465 0.232 
26 20 16.5 0.36 0.32 0.40 F 18 3 65 14 0 .448 0. 138 
27 10.5 17.0 0.61 0.26 0 .30 F 14 3 63 20 0.464 0. 166 
28 25 16.4 0.4 1 1.91 2 .1 2 F 24 6 6 1 9 0.475 0.259 
29 23 16.2 0. 16 1.71 1.81 F 18 12 62 8 0.485 0.274 
30 20 16.3 0.29 1.5S 1.6S F 16 14 63 7 0.484 0.262 
32 22 14.6 2. 10 6.31 5.91 M 46 16 3S 3 O.S17 0.38 1 
33 2 1 13.4 <k SS IS.67 10.83 D 74 9 16 I 0.59 1 0.550 
34 16 13.3 6.66 18.9 1 11.99 D 93 6 0 0.612 0.616 
36 20 15. 1 'k 2 1 5.27 4.76 D 70 14 14 2 0.526 0.507 
37 11.5 15.8 8.07 3.1 0 2.78 M 30 23 26 2 1 0.527 0.387 
39 8 16. 1 0.14 2.5S 2.05 D 50 10 3 1 9 0 .5S4 0.377 
40 10 15.8 0.14 4. 11 3.22 D 47 19 24 10 O.S60 0.370 
4 1 7 16. 1 0.24 8. 14 6.76 d 16 77 5 2 0.547 0.443 
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Table 3. Summary of the data set taken from the depth of the maximum F./Fm: depth of Fj Fm maximum ( DFmax), temperature, 
nitrate concentration, TCI!la, AP, the dominant phytoplanktOII taxa (%, see Table 1}, TChlaj TP, a676ja440, Fj Fm and apsu 
( x 10- 20 m2 photon- 1). 
DFmax Temp Nitrate TChla AP Dorn. 
Station (m) (•C) (JIM) (mg rn - 3) (mgm- 3) Taxa 
2 25 14.5 1.79 6.35 3.97 D 
4 16.5 15.3 0.14 4.33 3.62 d 
5 21 14.8 0.14 4.86 3.39 d 
6 10.5 14.8 1.93 6.62 4.91 D 
7 11 14.8 0.50 7.40 5.87 d 
8 8 15. 1 0.17 8.91 6.42 d 
10 7 15.0 0.14 6.72 5.08 M 
11 10 15.0 0.29 5.74 4.99 d 
14 3 13.7 6.26 7.26 5.74 D 
15 18 12. 1 22.62 1.72 1.30 D 
16 10 11.6 1.14 2.55 2.45 F 
22 9.5 16.5 0.86 0.72 0.76 F 
24 3 16.2 0.61 0.65 F 
25 23 15.9 0.57 1.04 1.21 F 
26 40 15.9 0.42 0.38 0.47 F 
27 30 16. 1 1.21 0.38 0.48 F 
30 27 15.2 1.13 1.55 1.66 F 
32 4 14.6 1.84 6.41 6.02 M 
36 10.5 15. 1 2.50 7.48 5.54 D 
39 3 16.1 0.14 2.71 2.22 D 
4·1 7 16.2 0.34 9.80 7. 95 d 
Table 4. Regression statistics for the pigmmt relationships. 
Independent Dependent Type of 
variable variable Group relationship 
TChla T P All Linear 
TChla T P Flag. Linear 
TChla TP D, d&M Linear 
TChla AP All Linear 
TChla AP Flag. Linear 
TChla AP D, d & M Linear 
TP AP All Linear 
TP AP Flag. Linear 
TP AP D, d& M Linear 
temperatu res ranged from ll.5°C to I6°C inshore, wit h the 
lowest va lues near the coast where strong upwelling had 
occu rred. Nitra te levels at th ese stations were generally 
> 1~-tM , exceeding 22 ~-t M at Station 15 (12.2°C ) a nd 
< 0.2 11 M at only five stations in St Helena Bay. Si licate 
was never < 2.8 JlM at any inshore station. All the 
inshore stations had surface plankton populations (no 
sub-surface maximum) though there was evidence of 
layering at a few stations. T he offshore stations, just off-
shelf at I6° E (29°S to 29.5°S) and in very deep water 
250 km to the west (I5°E to 14.4°E) had surface layer 
depths > 20 m above a sub-surface chlorophyll maximum 
in the thermocline at ~40-50 m. Surface temperatures 
were higher {I6°C to 17• q with nitrate values 0.2 to 
1.25~-tM ; again silicate was not d epleted ( > 1.7~-tM). 
Figure 2 shows the surface layer properties a rranged by 
increasing TChla showing the correlated d istributions of 
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Diat Dino Flag Prok TChla a676/ 
(%) (%) (%) (%) fTP a440 F./Fm O"pgu 
62 22 14 2 0.616 0.492 0.570 380 
30 50 18 2 0.545 0.400 0.515 4·60 
30 44 23 3 0.589 0.505 470 
60 23 14 3 0.574 0.570 370 
29 63 6 2 0.558 0.549 0.570 360 
27 65 7 I 0.581 0.494 0.565 360 
44 42 12 2 0.570 0.466 0.560 405 
25 64 8 3 0.535 0.501 0.560 350 
52 8 38 2 0.558 0.441 0.510 470 
58 11 29 2 0.570 0.550 380 
23 15 48 14 0.510 0.450 525 
12 5 81 2 0.485 0.455 600 
11 4 81 4 0.483 0.296 D.400 640 
11 18 67 5 0.460 0.440 585 
16 0 80 4 0.448 0.310 700 
23 3 63 11 0.438 0.250 720 
3 1 17 ,~7 5 0.483 0.460 575 
44 19 34 3 0.5 16 0.387 0.460 520 
70 15 14 I 0.575 0.545 390 
49 12 31 8 0.550 0.377 0.515 460 
21 74 4 0.552 0.443 0.565 350 
Slope Intercept R2 N 
1.62 1 0.785 0.997 32 
1.901 0.133 0.987 10 
1.595 1.1 47 0.997 22 
0.621 0.785 0.981 32 
0.901 0.133 0.942 10 
0.595 1.1 47 0.980 22 
0.385 0.465 0.993 32 
0.481 0.052 0.984 10 
0.375 0.693 0.992 22 
a ll the bio-optical properties : increasing p igment ratios 
(TChla/TP, TChla/AP, Figu re 2B) and optical ratios 
(a676/a440, a676/a490, Figure 2E); the dominance by 
diatoms at very high TChla ( > 13 mg m - 3; Figure 2C) 
and flagellates at low TChla ( <2.0 mg m - 3; Figure 20 ) 
with diatoms, dinofl agellates or mixed populations in the 
intermediate range 2- 10 mg m- 3; an increase of Fv/ Fm 
and decrease of apg11 with increasing TChla (Figure 2F). 
The TChla was highest (13- 25 mg m - 3) for Stations 17, 18, 
19, 33 a nd 34, which were all located in the northern-
most inshore waters a t 29° to 30°S. All were D -domi-
nated (70 to > 80%) with the highest values of p igment 
ratios ( > 0.6) and optica l ratios (0.48-Q.62); the FRRF 
was saturated for these stations so there were no valid 
data for Fv/ Fm and O"pg11 • T he rema ining high TChla 
stations (2- 10 mg m - 3) located in St Helena Bay or 
south of Hondeklip Bay (Stations 2 to 16, 32 and 36 to 
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Figure 3. Relationships between (A) TChla versus TP; (B) 
TChla versus A P; and (C) TP versus AP, a ll concentrations in 
mg m -l. The data points on each figure are identified by the 
dominant taxa a t th at station and the corresponding regression 
statistics a re given in Table 4. 
41 ) were either D-dominated or cl-dominated with some 
mixed (M) populations; all had moderately high values 
of pigment ratios (0.48- 0.58), optical ratios (0.3- 0.55) 
and F./ Fm (0.51- 0.57) but the lowest values of aPSII 
(350-460). T he offshore Stations 22 to 30 had the lowest 
chlorophyll levels ( < 2 mg m - 3) and were a ll F-domi-
nated (60% to > 80% ) with the lowest values of 
]ourna.l of the Marine Biological Association of the United Kingdom (2006) 
pigment ratios (0.44-0.49) optical ratios (0.13- 0.3) and 
F. / Fm (0.25-Q.46) and the highest values of D"PSn (575-
720). The TChla was g reater than AP for all the high 
TChla stations, but less than AP in the low TChla, 
F-dominated stations offshore. Prokaryotes ( P) were 
never the major phytoplankton group, though they 
constituted 2- 20% of the assemblage at most offshore 
stations (all F-dominated ). 
Bio-oplical relationships 
Figure 3 shows the relationships between TChla vs T P 
(Figure 3A), TChla vs AP (Figure 38 ) and TP vs AP 
(Figure 3C) for the surface layer data from Table 2; the 
data points are marked with the dominant PFT in the 
assemblage. The regression statistics (Table 4) show that 
there was high correlation between TP and TChla for all 
data (R 2 =0.997) yet the F-dominated station data, in the 
low-biomass region of each relationship had a higher 
slope than the data for the combined mixed , D- and cl-
dominated assemblages. This observation that diatoms 
and d inoflagellate populations have a greater fraction of 
TChla than fl agellate populations, or that flagellate 
populations have a greater fraction of AP, is novel to our 
knowledge. 
T he TChla/TP ratio varied from 0.44 to 0.62 with a log 
relationship to TChla (Figure 4A; Table 5; R 2= 0.71) 
having the ratio lowest at low TChJa or TP (not shown) 
for the stations with fl agellate dominance and the ratio 
highest fo r highTChla (orTP) in mixed, diatom and dino-
flagellate dominant populations. The separate regression 
for the flagellate and others group (M+D+d) showed 
distinctly different linear relationsh ips (different slopes) 
with either TChla or T P as the independent variable 
(Table 5). The relationships between TChla or T P (not 
shown) and the optical ratios a676/a440 or a6761a490 
(not shown) (Figure 4C, R2=0.88) were non-linear and 
of similar functional form (log) to pigment ratios, with 
fl agellates dominant at low TChla (or T P) and low a6761 
a440; here the separate regressions for the flagellate group 
and the others were non-linear (log) with a high fraction 
of variance explained. The TChla had an inverse relation-
ship to the pigment fraction APITP and the optical 
analogue a4901a676 (Figure 4B,D; R 2=0.71 and 
R 2= 0.79) with flagellates dominant at high values of AP I 
TP and a4901a676. T he photosynthetic parameters Fvf Fm 
(Figure 4E, R2= 0.75) and aPS11 (inversely, Figure 4F, 
R 2= 0.80) were log correlated with TChla at the low 
TChla fl agellate dominated stations, low F .IF m and high 
CTPSn a nd the reverse for the rem nant populations (M, D 
and cl-dominated). 
The photosynthetic parameters F .IF m and cr PSII were 
inversely correlated ('lable 6; R 2=0.92) notably for F-
dominated Stations 22 to 30 (60 to > 80% ) with 
TChla range of 0.47- 1.7 mg m - 3 at the depth of the 
F./Fm maximum. The correlations between F,.IFm and 
CTPSu a nd the bio-optical parameters TChlaiTP, APIT P, 
a6761a440 and a4901a676 were a ll linear (Figure 5; 
statistics Table 6) though the data set of optical proper-
ties at the depth of the F.IFm maximum was Limited . 
T he relationships between F.IFm and the TChlafTP 
ratio and the optical ratio a676/a440 (Figure 5A&C) 
and a676fa490 (not shown) were all positive and 
Phytoplanktonfonctional relationships J. R. Fishwick et al. 1275 
o.&5 .-------------:A:-~ 
0.60 
i 0.55 
~ 0.50 
0.45 
• 
+ 
• 
• Diatoms 
o Dlnos 
xflag 
+Mixed 
0.40 l---------------1 
0 
0.7 
0.8 . 
0.5 
0.4 
0.2 
0.1 
0.0 
0.7 
0.8 
0.5 
E 0.4 
u. 
-• 
0 
u. 0.3 )( 
0.2 
0.1 
0.0 
0 
X 
10 
5 
2 
20 
TChla 
• 
10 15 
TChla 
4 6 
TChla 
30 
c 
• 
• Diatoms 
o Dlnos 
xflag 
+Mixed 
20 
E 
• Diatoms 
o Dlnos 
xflag 
25 
8 10 
0.6 ......-------------.., 
0.8 
+ 
0.5 
0.5 
0.4 • 
0.4. 
B 
•Diatoms 
oDinos 
xflag 
+Mixed 
• 
0.3 ._ ___________ __. 
0 10 20 30 
TChla 
5.0 ·~-------------~ 
4.0 
3.0 
2.0 
1.0 
0.0 
800 
700 
800 
500 
&400 
300 
200 
100 
0 
0 5 
• 
0 2 
10 15 
TChla 
• 
• Diatoms 
o Dlnoa 
xFiag 
+Mixed 
20 
• 
D 
25 
F 
0 .. 0 
4 6 
TChla 
• Diatoms 
o Dlnos 
xflag 
8 10 
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showed the typical split of flagellate dominated stations 
from the others, whereas the relationships between 
TChlafTP and a676Ja440 (Figure 5B&D) versus uPSII 
were negative; uPSn was positively correlated with 
]ourrwi of the Marint Biological Association of the Unitd Kingdom (2006) 
AP{TP and a490fa676 (Figures 5E&F). The pigment 
ratios (TChla{TP, AP fTP) and their optical analogues 
(a676fa440, a490/a676) were significantly correlated 
(Figure 5G&H; Table 6). 
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Table 5. Regression statistics for the pigment relationships with pigment ratios, optical absorption ratios and the photosynthetic 
parameters FjFm and Upsu· 
Independent Dependent Type or 
variable variable Group relationship Slope Intercept R' N 
TChla TChla/TP All Log 0.036 0.493 0.71 32 
TChla TChla/TP Flag. Linear 0.029 0.451 0.46 10 
TChla TChla/TP D,d& M Linear 0.004 0.532 0.47 22 
TP TChla/TP All Log 0.037 0.468 0.66 32 
TP TChla/TP Flag. Linear 0.013 0.454 0.35 10 
TP TChla/TP D,d& M Linear 0.002 0.531 0.42 22 
TChla AP/TP All Log -0.036 0.507 0.71 32 
TChla a616/a, .. All Log 0.097 0.264 0.88 31 
TChla a616fa, .. Flag. Log 0.065 0.256 0.68 10 
TChla a.,.fa, .. D,d& M Log 0.105 0.252 0.76 21 
TChla a.,., •• 90 All Log 0.126 0.397 0.81 31 
TChla a616fa,90 Flag. Log 0.077 0.381 0.63 10 
TChla a616/a,90 D,d& M Log 0.128 0.399 0.57 21 
TChla a .. gofa6;6 All Log -0.564 2.695 0.79 31 
TChla a,90,a616 Flag. Log -0.697 2.770 0.61 10 
TChla a,go/a616 D,d& M Log -0.262 2.104 0.47 21 
TChla F./Fm All Log 0.070 0.415 0.75 21 
TP F./Fm All Log 0.075 0.363 0.72 21 
TChla O'PSII All Log -97.8 586.3 0.80 21 
AP O'PSII All Log -110.7 585.7 0.73 21 
Table 6. Regression statistics for the inter-relationships between the pigment ratios, optical absorption ratios and the photosynthetic 
parameters FjFm and Upsu· 
Independent Dependent Type or 
variable variable Group relationship 
F,./Fm O'PSII All Linear 
TChla/TP F./Fm All Linear 
TChla/TP F./Fm Flag. Linear 
TChla/TP F./Fm D,d& M Linear 
TChlafTP apgu All Linear 
TChla/TP O'PSII Flag. Linear 
TChla/TP O'PSII D,d& M Linear 
a.,., .... F,./Fm All Linear 
a.,., .... O'PSII All Linear 
a,oof•··· O'PSII All Linear 
AP/TP O'PSII All Linear 
AP/TP O'pgll Flag. Linear 
AP/TP O'PSII D,d& M Linear 
TChlafTP a.,., .... All Linear 
TChla/TP as;6/at.a Flag. Linear 
TChla/TP a.,., a ... D,d& M Linear 
AP/TP a,go/a.,. All Linear 
AP/TP a,go/a.,. Flag. Linear 
AP/TP a,go/a.Js D,d& M Linear 
We observed that: small cells (flagellates) had the lowest 
biomass (0.26-1.9 mgm- 3), TChla/TP (0.45-Q.52), a676/ 
a440 (0.14-0.35), F./Fm (0.25-0.46) and highest range of 
uPS11 (525-720). Larger cells, diatoms and dinoflagellates 
overlapped in range. Diatoms had the highest biomass 
(2.5 to 24.6 mg m - 3), highest TChlafTP (0.52-Q.62), a676/ 
a440 (0.34-0.62), F,/Fm (0.4-0.57) and a lower value 
]ourt111/ qf lhe Madnt Bio/ogiad ASSC<ialion qf lht Uniltd KingdtJm (2006) 
Slope Intercept R' N 
-1291 1114 0.92 21 
1.537 -0.328 0.79 21 
2.695 -0.878 0.66 7 
0.697 0.147 0.26 14 
-2100 1599 0.81 21 
-2424 1766 0.75 7 
-809.7 865.1 0.13 14 
0.688 0.224 0.80 11 
-1136 932.6 0.81 11 
0.003 0.550 0.81 11 
2099 -501 0.79 21 
2425 -658.5 0.75 7 
809.7 55.3 0.13 14 
1.995 -0.688 0.70 31 
1.265 -0.363 0.46 10 
1.386 -0.333 0.38 21 
11.55 -3.35 0.62 31 
12.86 -3.81 0.37 10 
2.811 0.390 0.15 21 
range of uPS11 (370-520). There were no F,/Fm and uPS11 
data at the high chlorophyll diatom dominated stations, 
so the data shown do not represent the full range of these 
parameters. Dinoflagellates had a limited biomass range (4 
to 9.7 mg m- 3), intermediate values for TChlafTP (0.54-
0.57), a676fa440 (0.38-Q.49), F,/Fm (0.52-Q.57) and the 
lowest value range of uPSil (350-470). 
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Figure 5. Relationships for: (A& B) TChlafTP versus F.fF m and up511 ( x I o- 20 m2 photon - 1) ; (C&D), showing the absorption 
ratio a676fa440 versus F,./F m and uPS11 ( x 10-20 m2 photon- 1); (E) APfTP versus O'ps 11 ( x I o- 20 m2 photon- 1); (F) a490fa676 versus 
u PSII ( x I o- 20 m2 photon- 1); (G) TChlafTP versus a676fa440; and (H ) AP/TP versus a490fa676. A- Fuse the FvfFm maximum 
data set (Table 3) and G&H use the surface layer data set (Table 2). The data points on each figure are identified by the dominant 
taxa at that station and the regression equations and statistics are shown in T able 6. 
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DISCUSSION 
A diverse data set of bio-optical properties from the 
upwelling, nutrient-rich, eutrophic, Benguela ecosystem 
and the offshore mesotrophic area have been analysed for 
correlations (functional relationships) and characteristic 
properties associated with the dominant PITs (diatom, 
dinoflagellate or small flagellates) observed at discrete 
stations. Diatoms and dinoflagellates (TChla range > 2.0 
to 25 mg m - 3) dominated the on-shelf nutrient-rich 
stations in recently upwelled water with temperature 
ranging between I2°C and l5°C. Nitrates were close to 
depletion at a few stations in and around St Helena Bay 
and silicates were never near depletion. It would seem 
that in this dynamic upwelling region at this time, the re-
supply of nutrients was sufficient to avoid depletion, and 
with moderate Fv/ Fm ("'0.51) it would seem unlikely that 
phytoplankton growth was limited . Flagellates were most 
abundant offshore (SST > l6°C) where N03 levels were 
low (generally < I J.LM) and silicate abundant (1.7-
7.1 ,uM) but with low values of Fv/ Fm (0.25-().31). T he 
dist ribution of PITs agreed with the conclusions of 
Mitcheli-Innes & Pitcher, 1992, that dominant taxa in the 
Benguela ecosystem were determined by the water 
temperature and chlorophyll concentrations. We observed 
that each PFT (diatoms, dinoflagellates and flagellates) 
had different physiological cha racteristics that were 
exploited during the developing chronology of the upwel-
ling cycle, but it was not clear if the community structure 
was defined by the nitrate levels as suggested by Barlow et 
al., 2004. In N-limitation, phytoplankton have been 
shown to increase light harvesting pigments in relation to 
reaction centre proteins and reduce the number of PSII 
reaction centres in relation to the light harvesting 
complex (Kolber et al. , 1988; Falkowski et al. , 1989; 
Geider et al. , 1993; Berges et al., 1996). This resulted in 
an increased O'psu and light harvesting with the energy 
funnelled to a smaller number of PSII reaction centres. 
Flagellates in nitrate-limited conditions have larger O'rsu 
than diatoms, which thrive in high nitrate waters. The 
low F,J F m in the fl agellate dominated stations is consistent 
with this, as Fvf Fm is a measure of the functional PSII 
reaction centres and these are reduced in N-li mited condi-
tions (Kolber et al. , 1988). 
As has been observed in many other ecosystems (Aiken 
et al. , 1995, 2004; Trees et al., 2000) TChla had a robust 
relationship with TP, AP and AC; R 2 was > 0.96 to "' 0.99. 
In this study we observed that the relationship for the 
fl agellate dominated populations differed from the others 
(M +D+d populations). Pigment ratios (e.g. TChlafT P) 
were not constant (ranging from 0.45 to 0.62) but 
increased with increasing TChla; again the flagellate 
group was lower than the other groups (M + D + d), 
which is consistent with the first observation. The highly 
significant TChla/T P to TChla and f v/ Fm to TChla rela-
tionships validate the hypothesis that phytoplankton 
synthesize Chla preferentially in conditions conducive to 
growth (surplus nutrients a nd adequate light). A taxo-
nomic preference was shown for fl agellates in low nutrient, 
higher temperature regimes and for diatoms in high 
nutrient, lower temperature regimes. There are separate 
and significant relationships for the flagellate and the 
other groups suggesting that this process is general and 
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independent of taxonomic groupings. This conclusion is 
consistent with the high energy requirement ofChla synth-
esis and maintenance and that plants readily de-synthesize 
Chla when growth conditions are unfavourable (Margalef, 
1967). T he alternative hypothesis, that plants synthesize 
AP preferentially when light, nutrients and photosynthesis 
are limited, is logically perverse. T he observed linear 
correlations between TChlafTP and Fv/ Fm (this study 
and Aiken et al., 2004) provide additional support for the 
hypothesis: phytoplankton with a higher fraction of Chla 
had higher rates of photosynthetic quantum efficiency. The 
iron enrichment experiments IronExii (Behrenfeld et al., 
1996) and SOIR EE (Boyd & Abraham, 2001), also 
showed significant correlations between TChlafTP and 
f v/Fm (J. Aiken, unpublished data). In this study there 
was a clear relationship between the increase in TChla 
and the increasing proportion of TCh1a as a fraction of 
the total pigments (TChlafT P) over the limited range 
0.26- 1.9 mg m - 3 within the flagellate group (that 
comprised chrysophytes, prymnesiophytes, cryptophytes 
and chlorophytes). This provided compelling evidence 
that the Chla-synthesis process was dominant over the 
taxonomic selection; prymnesiophytes (hex-specific) 
were the dominant taxa for the F-dominated 
stations, indicating that there was no taxonomic shift that 
might a rmul this argument. 
Distinctly different bio-optical characteristics were 
observed for different PITs, providing a separation of 
three taxonomic groups on the basis of key bio-optical 
properties: pigment relationships (TChla to TP, AP to 
TP), pigment ratios (e.g. TChlafTP, APfTP), optical 
ratios (e.g. a676fa440, a676/a490) and photosynthetic 
parameters (Fv/ Fm and O'rs11 ). The variation ofTChlafT P 
and the optical analogue a676fa440, both strongly corre-
lated with f v/ Fm and O'psu (inversely), provided evidence 
of a relationship between photosynthesis (these parameter 
values) and ocean colour (the optical sig nature of ocean 
waters observed in situ or remotely). We conclude that 
colour change brought about by the strong blue absorpt ion 
of TChla at 400--470 nm, is the pre-eminent cause of 
change in ocean colour spectra. 
This study showed that the physiological parameters, 
F,./Fm and O'rsu had different ranges for different PFTs, 
concur ring with laboratory studies that taxonomic varia-
bility was greater than variabili ty at the level of cellular 
physiology (Suggett et al. , 2004). Moore et al. , 2005 
arrived at a similar conclusion for data from the north-
east Atlantic. From this data set it has been shown that 
TChlafT P, a676fa440, F v/ F m and O'psu had robust inter-
relationships, allowing the discrimination of bio-optical 
properties for three dominant PITs: diatoms, d inoflagel-
lates and fl agell ates. T he ranges of these four parameters 
can be explained partially by the percentage of PFT domi-
nance at each station. On this basis it should be possible to 
allocate percentages of the TChla and TP to each PIT, 
using mixing models. Further research is required to 
confirm the application of these functional processes m 
other ecosystems and across the globe generally. 
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Th pi!Jtoplankton commUlliry assemblage in suiface water cif tl1e English Channel (Station L4) was 
measured and compared from M£Uch 1999 w Ocwber 2002 using two different methods. Pigmmt-
CHEMTAX was used to derive class apportioned chlorophyll a (Chi a) and cell counts obtained 
using microscopy were used w derive plfytopkmkton c£Ubon (pi!Jw-C) estimations. PI!Jw-C 
(10-340 J.Lg C C 1) showed a strong linear relationship wiJh wtal Chl a (0.5-4.8 J.Lg Chi a L-1) 
when the Chl a:plzyw-C ratio was >0.04 (f = 0.80; avtrage Chl a:pi!Jw-C = 0.044) but the 
relationship was weaker when tl1e Cl!l a:plzyto-C ratio was <0. 04 (f = 0. 42; average Chi a:plzyw-
C = 0.013). Comlation between class biomass estimaltsfor pi!Jto-C and Chl a was strongfor 
diatoms during willler (f = 0.80) but poor for other classes during both swnmer and winUr. The 
Chi a:pi!Jw-C ratio declined as irradUu!ce increased wiJh strongest correlation on clear s-9' days in 
2001 when diawms dominated (f = 0.80). Th Chl a:pi!Jw-C versus irradiance relationship agrees 
wilh that produced from an empiricaf!y based dynamic model cif pi!Jtoplankton acclimation w light. 
&sults are discussed in relation to differences in the techniques used, the species present, cellular pigment 
concentra/Ums and suiface mixed lqyer irradumce. 
INTRODU CTION 
Quantifying the community composition and biomass of 
phytoplankton is essential to understanding the structure 
and dynamics of the marine ecosystem and is important in 
evaluating the role of the ocean in global carbon cycles. 
Phytoplankton are traditionally measured by counting and 
identifying cells using inverted light microscopy. H owever, 
there are many difficulties associated with this method; it is 
time consuming and more importantly there are large 
standard deviations {1 5-50%) associated with converting 
cell counts to carbon estimates (Wilhem et al., 1991; 
Schliller and Havskum, 1997). Direct measurement of 
phytoplankton carbon (phyto-C) is difficult because 
phyto-C is not easily distinguishable from other sources 
of carbon such as non-living organic matter, bacteria and 
microzooplankton. Chlorophyll a (Chi a) was recognized 
as a potentially useful alternative measure of phytoplank-
ton biomass over 70 yea.rs ago (Harvey, 1933). The ability 
to separate and unambiguously measure Chi a and acces-
sory pigments using reversed-phase high perfom1ance 
liquid chromatography (HPLC) techniques, first devel-
oped over 20 years ago (Mantoura and Uewellyn, 1983; 
Wright et al. , 1991), has led to wide scale mapping of 
pigment signatures across the world oceans (Barlow et aL, 
1995; J effrey et al. , 1997a; Gibb et al. , 2000; Wright and 
van den Enden, 2000; Gibb et al., 2001). Routine separa-
tion of pigments using HPLC is now the most widely 
adopted method for estimating and characterising phyto-
plankton biomass and community assemblage. Further-
more, HPLC pigment measurements are becoming 
increasingly importam in 'ground-truthing' satellite remotely 
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sensed colour images used to estimate biomass (Trees et al., 
2000; Smyth et aL, 2002). 
To determine the phytoplankton community abun-
dance in terms of class specific Chi a requires conversion 
of pigment data. This can be achieved using either multi-
ple linear regression analysis or matrix factorisation meth-
ods. The most reliable and best developed of these 
methods is a matrix factorisation software programme, 
CHEMTAX (CHEMical TAXonomy), developed by 
Mackey et al. (Mackey et al., 1996). However, conversion 
of pigments into class apportioned Chi a is not straightfor-
ward. First, whilst some accessory pigments, for example, 
peridinin and alloxanthin are unambiguous markers of 
specific phytoplankton classes, many pign1ents, for exam-
ple, fucoxantl1in, (fuco), 19' -butanoyloxyfucoxanthin 
(but-fuco) and 19' -hexanoyloxyfucoxanthin (hex-fuco) 
are present across several classes with the potential for 
ambiguous class assignation. Second, estimation of class 
equivalent Chi a requires the pigment:Chl a ratio for any 
specific class to remain constant. However, pigment to 
Chi a ratios vary for different species and even within a 
species, varying according to environmental factors 
including light intensity, nutrient concentrations and 
growth rate (Goericke and Montoya, 1998; Schli.iter 
et al., 2000; Hemiksen et al., 2002; Garibotti et aL, 2003). 
One method used within CHEMTAX to try and accom-
modate for potential changes in class pigment:Chl a 
ratios is to subset the data according to environmental 
conditions. For example, in studies in the westem equa-
torial Pacific, the northeastem Atlantic and in tile East 
Antarctic marginal ice zone, samples were depth-binned, 
every 13-40 m, according to light and nutrients (Mackey 
et al., 1998; Wright and van den Enden, 2000; Gibbet al., 
200 l ). Despite limitations, CHENIT AX is recognized as a 
powerful approach in studying taxonomic composition 
of phytoplankton assemblages (Wright et aL , 1996; 
Mackey et al., 1998; Gibb et al., 2000; Wright and van 
den Enden, 2000; Rodriguez et al., 2002; Havskum et al., 
2004). 
The relationship between Chi a and phyto-C is not 
straightforward. Studies of microalgal cultures have 
shown the Chi a:phyto-C ratio to be highly variable 
(<0.005 to >0.05), changing in response to in-adiance, 
nutrient availability and temperature (Geider, 1987). In 
culture, the Chi a:phyto-C is high at low irradiance, high 
temperatures and under nutrient replete conditions; in 
contrast, the Chi a:phyto-C is low under high irTadiances 
especially under low temperature and under nutrient limit-
ing conditions (Geider, 1987). In the natural environment, 
there have been few investigations directly comparing 
phyto-C with pigments. Recent investigations on oceanic 
phytoplankton communities show high variability in 
Chi a:phyto-C ranging from 0.0045 in euphoric coastal 
Antarctic waters to 0.056 in the deep Chi a maximum in 
the Atlantic O cean (Nfarai\6n et al., 2000; Gariborti et al., 
2003). In the subtropical Atlantic Ocean, Veldhuis and 
Kraay (Veldhuis and Kraay, 2004) found that whilst 
the eukaryotic phytoplankton community exhibited a 
Chi a:phyto-C of 0.01 25- 0.03 at the surface, there was a 
3- 7-fold variation with depth. Fortunately, the variation of 
Chi a:phyto-C is highly regulated according to irradiance, 
temperature and nutrient availabili ty. The intetTelation-
ship between these has been modelled using both mech-
anistic regulatory models (Geider et aL , 1997, 1998; 
Flynn et al., 200 I) and empirical approaches (F1ynn, 
2003). Initially developed and compared to experimental 
observations on microalgal cultures, such models have 
been adapted to simulate seasonal and latitudinal depen-
dencies of phytoplankton Chi a:phyto-C in the oceans 
(e.g. the model of Geider et al. (Geider et al., 1998) by 
Taylor et al., 1997; Lelevre et al., 2003; Blackford et al. , 
2004). 
Despite wide scale mapping of pigment signatures 
across the world oceans and the increasing use of 
CHEMT A)(, little attention has been focussed on tl1e 
significance of pigment concentrations in relation to 
phyto-C. Overall there have only been a few studies to 
systematically compare phyto-C estimated from micro-
scopy analysis with phytoplankton biomass determined 
from 1-fPLC pigment analysis, although such compara-
tive studies have increased since the introduction of 
CHEMTAX (Sch!Uter et al. , 2000; Rodriguez et al., 
2002; Havskum et al., 2004; lrigoien et al., 2004; 
Veldhuis and Kraay, 2004). These comparative studies 
generally show that there is good agreement between 
the two techniques for large celled diatoms, but the 
agreemem is poorer for dinoflagellates, prymnesiophytes 
and small flagellates. Studies also conclude that good 
correlation is hindered by the presence of small cells 
which are a problem for microscopy identification and 
by the lack of specificity of marker pigments which 
reduces taxonomic precision. Because of the ambiguity 
of some marker pigments, HPLC-pigment analys.is 
should be used with supplementary microscopy analysis 
tO identify species present (Mackey et al. , 1996; J effrey 
et al., 1999; lrigoien et al., 2004). Blind analysis can easily 
lead to error because some algal species contain pig-
ments untypical of their class; the Dinoflagellate Gyrodi-
nium sp., for example, contains prymnesiophyte type 
pign1ents rather than peridinin (lrigoien et al., 2004). 
Errors that are also associated with estimates of carbon 
derived from microscopy which are reliant on biovolume 
conversion factors, and these can vary by several fold 
(Montagnes et al., 1994; Schluter et al., 2000). 
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Although there have been studies directly comparing 
HPLC and microscopy results, there is still very little 
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understanding of what the pigment community strucn1re 
means in terms of phytoplankon carbon and the role o f 
phytoplan.kton in the marine carbon cycle. In this study, 
we compare total and class specific Chi a derived from 
pigment-HPLC and CHEMTAX with total and class 
sp ecific phyto-C derived from microscopy cell counts. 
We use data coLlected over a three year period using 
phytoplankton samples from surface water in the English 
Channel and investigate pigments and phyto-C in rela-
tion to species present, seasonal succession and irradi-
ance. The Chi a:phyto-C ratio is rela ted to irradiance 
and compared to simulated ratios derived from phyto-
plankton acclimation models. 
METHOD 
Site and sampling 
The sampling site at Station L4 (www.pml.ac.uk/14) is a 
long-term time-series station in a coastal temperate 
environment in the westem English Channel situated 
10 km south-west of Plymouth at 50° 15' N , 4° 13' W 
(5 1-m deep). Sub-surface water (3-m depth) was col-
leC£ed, approximately weekly Qess in winter), at mid-
moming in 10-L carboys from March 1999 to O ctober 
2002. On arrival in the laboratory, phytoplankton from 
100-mL seawater were preserved in I% acid Lugol's 
iodine and form alin fLxative for cell counting and phyto-
plankton from 1-L volumes of seawater were vacuum 
filtered onto 25-mm GF I F filters and stored in liquid 
nitrogen until HPLC pigment analysis. 
Microscopy cell count and carbon 
estimations 
Phytoplan.kton preserved in Lugol's iodine and formalin 
were settled in sedimentation chambers. Diatoms, auto-
trophic dinoflagellates, flagellates and picoplankton 
(0 .2- 2 ~-tm) were identified and counted to species level 
(where possible) using an inverted m icroscope (Utermohl, 
1958). The dimensions of individual species were mea-
sured using an ocular micrometer, and cell volumes esti-
mated by approxin1ation to the nearest geometric shape 
(Kovala and Larrance, 1966). C ell volume was con-
verted to cell carbon content for diatoms and dino-
flagellates using equations of Strathmann (Strathmann, 
1967), and for flagellates using equations of Verity el al. 
(Veri ty et aL, 1992). Chrysophytes are a class that encom-
pass silicoflagellates (order Dictyochales) and the pico-
plankton Ueffrey and Vesk, 1997). Silicoflagellates were 
included in the microscopy flagellate counts, whereas pico-
plankton were counted separately. Detailed infor-
mation on cell counts and carbon estimates can be 
found in the Web-based L4 database (www.pml.ac.uk/14). 
In addition to estimates calculated according to 
Strathmann (Strathmann, 1967), cell carbon was also esti-
mated for diatoms using tl1e relationship described by 
Montagnes and Franklin (Montagnes and Franklin, 200 I): 
logphyto-C = 0.87(IogV) - 0.4·948 
where phyto-C is the mass of carbon (pg) and V the 
volume (~-tm3) . Diatom-C estimations calculated using 
the regressions of Montagnes and Franklin {Montagnes 
and Franklin , 2001) were on average a factor of 
1.94 (±0.45) higher than those calculated using the 
regressions of Strathmann (Su-athmann, 1967). To be 
consistent with the L4 database, we report estimates 
derived using the regressions of Strathmann {Strathmann, 
1967) and refer to estimates derived using the regressions 
of Montagn es and Franklin (M:ontagnes and Franklin, 
2001) for comparative purposes. 
HPLC pigment and CHEMT AX analysis 
Pigments were extracted from filtered phytoplankton 
into 2-mL methanol containing an intem al standard 
apo-carotenoate (Sigma-Aldrich C ompany Ltd.) using 
an ultrasonic probe (30 S, 50 W). Extracts were centri-
fuged to remove filter and cell debris (5 min at 4000 r.p.m) 
and analysed using reversed-phase HllLC (Hypersil 3 ~-tm 
CB MOS-2) witl1 gradient d ution, as described in Barlow 
el al. (Barlow et aL, 1997), using Thermo-Separations 
instrumentation with photo-diode an·ay spectroscopy 
(PD A) and Chrom-Quest software. Pigments were iden-
tified using retention time and spectral match using PDA 
Ueffrey et al., 1997b), and pigment concentrations were 
calculated using response factors generated from cal.ibra-
rion using a sui te of pigment standards (DH1 Water and 
Environment, Denmark). 
C HEMTAX was used to convert pigment concentra-
tions to class apportioned Chi a. C H EMTAX software 
(obtained fr·om D M ackey, CSIRO, T asmania) nms in 
MATLAB and together with a matrix of field pign1ent 
data requires an initial input of a matrix of pigment:C hl 
a ratios for each phytoplankton class. Ideally, these initial 
ratios should resemble, as closely as possible, the pig-
ment:Chl a ra tios for the species in the samples under 
analysis (Mackey et al., 1996; J effrey el al., 1999). We 
used input pigment:C hl a ratios (Table I) based on 
knowledge of the common phytoplankton classes present 
in the English Channel (Holligan and H arbour, 1977; 
Rodriguez el al., 2000) and on values presented by 
Mackey el al. (Mackey et al., 1996) and U ewellyn and 
Gibb (Uewellyn and Gibb, 2000). Prasinophytes lacking 
prasinoxanthin were included with chlorophytes. The 
photoprotective pigments, diadinoxanthin, diatoxanthin 
and ~,~-carotene and the highly dynamic pigments 
105 
Table 1: Input and output pigment:chlorophyll a (Chl a) ratios from CHEMTAX ana!Jsis 
'-
Chi c3 Peridinin 19' -butanoyloxyfucoxanthin Fucoxanthin 19'-hexanoyloxytucoxanthin Violaxanthin Alloxan thin Zeaxanthin Gyroxanthin-diester Lutein Chlb 0 ~ 
Input ~ 
Dinoflagellates 1.06 0 ..., 
Cryptophytes 0.23 ., 
Prymnesiophytes 0.07 0.02 0.39 0.16 ~ Cyanophytes 0.35 
0 
Diatom 0.46 z 
Chrysophytes 0.13 0.93 0.62 ~ 
Chlorophytes and prasinophytes 0.16 0.31 0.02 0.13 !" ~ 
Karenia brevis 0.15 0.21 0.31 0.14 0.05 0 
:1: 
Output for high Chi .r.phyto-C 
< 
Dinoflagellates 1.06 0 t"' 
0 Cryptophytes 0.23 c: 
0\ Prymnesiophytes 0.06 0.02 0.37 0.31 ~ 
.. 
Cyanophytes 0.35 ..... 
Diatom 0.42 ~ Chrysophytes 013 0.93 0.62 
Chlorophytes and prasinophytes 0.09 0.05 0.02 0.41 !:! 
K. brevis 0.29 0.04 0.31 0.14 0.05 
Output for low Chi .r.phyto-C ., > 
Dinoflagellates 1.06 Cl !" 
"' Cryptophytes 0.24 ~0 
Prymnesiophytes 0.09 0.03 0.34 0.49 .... 
.!. 
Cyanophytes 0.35 
.D 
Diatom 0.32 
.. 
Chrysophytes 0.13 0.93 0.62 0 0 
Chlorophytes and prasinophytes 0.14 0.05 0.03 0.43 "' 
K. brevis 0.31 0.04 0.31 0.14 0.05 
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Chi c1+2 were excluded from the pigment ratio matrix. 
CHEMTAX uses this pigment ratio matrix with the field 
data to iteratively modify the difference between 
observed and calculated total pigment concentration 
using differences in pigment ratios. The ratio limit, 
which sets the maximum percentage by which CHEM-
TAX is allowed to modify the given ratio, was set to the 
default 500 for all pigments except Chi a and peridinin 
which were set to 50 and 200, respectively. 
To accommodate poten tial changes in pigment:Chl a 
ratios the field pigment data set was split into two accord-
ing to Chl a:phyto-C ratio > and <0.04 (from herein 
defined as high and low Chi a:phyto-C). Pigment con-
centrations where the ratio of Chl a:phyto-C was high 
approximated to samples collected during winter months 
(Fig. 2B) and to < I 00 11mol photons m - 2 s- I (Fig. 5). 
Pigment concentrations where the ratio of Chi a:phyto-C 
was low approximated to samples collected during sum-
mer months (Fig. 2B) and to > I 00 J..liTIOI photons m - 2 s- I 
(Fig. 5). The CHEJvlTAX output ratio table from the two 
data sets was used to re-analyse the pigment data to 
produce final output ratio tables (Table I) and an output 
table for the samples apportioning Chi a to each class. 
Chlorophytes, prymnesiophytes and prasinophytes, distin-
guishable using HPLC-CHEMTAX but not necessarily 
by light microscopy, were summed together as flagellates 
enabling direct comparison with microscopy. 
Irradiance and nutrient measurements 
Irradiance was measured at 1-m depth intervals through-
out the water column with a photosyntherically active 
radiation (PAR) sensor (Chelsea Instruments Ltd.) during 
2001 and 2002. The depth of the surface mixed layer 
(DML) was determined from temperature profiles as the 
depth where a change of >0.3 C occurred over 5-m 
depth interval. Average irradiance in the surface mixed 
layer (SML) was estimated as 
where I is irradiance in SML, Is the surface irradiance and 
D50% depth a t which irradiance was 50% that oft he surface. 
Surface water was analysed for nitrate, phosphate and 
silicate concentrations using standard labort~tory colori-
metric methods (Woodward and Rees, 200 I). 
Model derivation 
We use a model based on Geider et al. (Geider et al. , 
1997), modified with a photo-inhibition term, that cal-
culates the light limitation UiJ on phytoplankton growth 
as a function of a variable cell carbon to chlorophyll 
rat io, assimilation rate (r,..,) and temperature (t) 
(Blackford et al., 2004). 
J; = ( 1.0 - e(-o l8/(r.,.t))) e<- f318/(r,. l)) 
where o [2.98 (W·m- 2r 1·d- 1) is the initial slope of 
the photosyn thesis versus irradiance curve, f3 (0.02 
(W·m- 2) - 1·d- 1) parameterizes photo-inhibition and (} 
represents the cellular Chl a to carbon ratio which is 
constrained by maximum (Bmax = 0.075) and minimum 
(Bmin = 0.0067) values. The proportion of photosynthate 
directed to chlorophyll synthesis (p) is given by 
Solving these equations for p = (}, i.e. when the pro-
portion of photosynthate directed towards chlorophyll 
balances the existing Chl a:phyto-C ratio, we derive the 
optimal cellular Chi a:phyto-C ratio over the observed 
range of mixed layer irradiance (/ ). 
RESULTS 
Physical and chemical environment 
The physical and chemical environment at Station L4 has 
been reponed previously (Rodliguez et al. , 2000; Aiken 
et al. , 2004). In summary and in general, phytoplankton 
growth and succession is largely seasonally driven. T he 
spring bloom usually occurs in April with stratification 
and the development of a shallow SML (I 0- 20-m depth). 
Over the summer, the therrnocline gradually deepens and 
then weakens in August. In August, during periods of 
calm weather, stratification is transienlly reestablished. 
Convectional cooling and aun1rnn storms in late Septem-
ber result in the surface mixed layer deepening with 
complete vertical mixing through winter. T emperature 
varies from 8°C in March to l 6°C in August and Sep-
tember. Nitrate concentrations range between 5 and 7 !!M 
during winter months and decline rapidly to <0.4 11~1 
after April. Silicate concentrations are highest in winter, 
ranging from 3 to 6 11~1 and declining in spring and 
summer to < I !J!Il. 
Pigments 
During the period of the study, pigment concentrations 
and pigment distributions were highly variable changing 
on a weekly basis but showing an underlying seasonal 
pattern (Fig. 1). Generally, Chi a increased rapidly to 
>4000 ng L - I in spring (except in 2000), fluctuated from 
200 to ~3000 ng L - I through summer and autumn and 
remained relatively constant at 200--1000 ng L - I during 
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Fig. 1. Concentrations of key biomarker pigments and their chemotaxonom.ic association in surface water from the western English Channel 
(Station L4) from March 1999 to October 2002. 
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winter (Fig. 1). A range of accessory pigments were 
detected including the carotenoids hex-fuco, fuco, 
peridinin, but-fuco, diadinoxanthin, diatoxanthin, vio-
laxanthin, alloxanthin, lutein, zeaxanthin, gyroxanthin-
diester (gyrox) and ~-~ carotene and the chlorophylls, 
Chi c3, Chi c1+ 2 and Chi b. The chemotaxonomic asso-
ciation of key pigments is shown in Fig. I. 
Fuco (main accessory pigment in diawms but also in 
prymnesiophytes and chrysophytes) was the dominant 
accessory pigment every year (I 00 to > 1000 ng L - I) 
and was the only pigment to show significant correlation 
with Chi a (1 = 0.80). Hex-fuco (prymnesiophytes and 
exceptional dinoAagellates) was also prominent (5-45 1 
ng L - I) and increased during spring and summer, but 
with most pronounced and persistent increases during 
the autumn (Fig. 1). Peridinin (dinoAagellates) was pre-
sent throughout the year (typically <200 ng L - I) and 
increased sharply (up to 220 ng L - I) each year in July I 
August (Fig. I). Alloxamhin (cryptophytes; 0- 300 ng L - I) 
showed no distinct seasonal or interannual trend. 
But-fuco (prymnesiophytes and chrysophytes) generally 
paralleled hex-fuco (20-90 ng L- \ with differences 
indicating the presence of chrysophytes. Zeaxanthin 
(cyanobacteria and non-prasinoxanthin containing pra-
sinophytes) concentrations were low (0- 35 ng L - I) 
350 
A 
300 
,~250 
__J 
~200 
c 
0 150 
; 
; 
although there were increases during September 1999 
(90 ng L - I) paralleled by increases in Chi b indicating 
the presence of prasinophytes (Fig. 1). Lutein concentra-
tions were also low ( <60 ng L - I) particularly compared 
to Chi b (up to 400 ng L - I) suggesting that Chi b was 
associated with non-prasinoxanthin containing prasino-
phytes (Barlow et al. , 1995). Gyrox, specific to the 
dinoAagellate Karenia brevis, was presem during late sum-
mer and autumn (up to 20 ng L - I; Fig. 1). More minor 
and/ or less class-specific carotenoids included violax-
anthin, ~.~-carotene, ruadinoxanthin, diatoxanthin and 
neoxanthin. Chi c3 concentrations (prymnesiophytes and 
chrysophytes) were low (<50 ng L - I) during 1999 and 
2000 with increases to 250 and 500 ng L - I during April 
and May in 2001 and 2002, respectively (Fig. 1). Chi b 
concentrations (chlorophytes and prasinophytes) also 
fluctuated with no seasonal or interannual patterns 
with highest levels (400 ng L - I) occurring in autumn 
1999 (Fig. 1). Chl c1+2 concentrations (70-750 ng L - I ) 
followed a similar temporal trend to Chi a and fuco (not 
shown in Fig. I because it is non-class specific). 
Phyto-C and Chi a 
The phyto-C profile showed some similarities 10 Chi a, 
but there were also major differences (Fig. 2A). There 
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Fig. 2. (A) Phytoplankton carbon (phyto-C) concentrations (black line) estimated using regressions from Strathmann (Strathmann, 1967) and 
chlorophyU a (Chi a) determined using high performance liquid chromatography (grey line). (B) Chi a to phyto-C ratios. 
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were usually rapid increases in phyto-C during April 
(up to 250 Jlg C L - 1), varying concentrations during 
summer, increases in Autumn (50 to >245 Jlg C L - I) 
and low concentrations from November to M arch 
(<50 Jlg C L - 1). The Chl a:phyto-C ratio varied 
according to time of year, with values >0.04 during 
winter months, decreasing to an average of 0.0 l during 
summer (Fig. 2B). Phyto-C regressed linearly with Chi a 
when the data was divided into subsets for high and low 
Chi a:phyto-C (Fig. 4): 
for high C hi a : phyto-C, 
C hi a= 0.0435 phyto-C - 0 .4026 (r2 = 0.80) 
for low Chi a : phyto-C , 
C hi a= 0.01 29 phyto-C + 0.4874 (r2 = 0.48) 
Class specific Chl a and phyto-C 
Diatoms were an important component of the phyto-
plankton community, particularly during spring and 
summer. During this period, they accounted for up to 
77 and 80% (89% using regressions of Montagnes and 
Franklin, 200 l ) of the Chl a and phyto-C, respectively. 
Both phyto-C and Chi a estimates showed large 
increases during the diatom spring bloom even though 
the bloom was caused by a different species each year 
( f able ll). However, in late May andjune 1999, 2000 
and 200 I , the microscopy based analysis found large 
increases in diatom-C that were not observed for 
HPLC-CHEMT AX based diatom-Chl a (Fig. 3). In 
1999, there were large numbers of Ceratulitw peillgica 
(78 Jlg C L - 1), in June 2000 there were a mixture of 
diatoms present and in June 200 l , Detonula pumila was 
present in large numbers (Table II). In autumn, diatoms 
bloomed again; typically consisting of two or three 
di.fferent species maxima often including Rl!i<osolenia 
delicatula (Table II) although diatom-C and diatom-Chl a 
estimates were variable. In winter, diatoms were in low 
abundance (and less than that of flagellates) or absent. In 
winter, the contribution of diatom-Chl a to total Chi a was 
greater than that of diatom-C to phyto-C. In contrast, in 
the spring and summer the contribution of diatom-Chl a 
to total Chi a contribution was generally less than that of 
diatom-C to phyto-C (Fig. 3). Diatom-C was more 
strongly correlated with diatom-Chl a when Chi 
a:phyto-C ratios were high (,2 = 0.75) than when Chi 
a:C ratios were low (,2 = 0.24; Fig. '~) -
Flagellates were another important component of the 
phytoplankton at L4 and were the dominant class across 
all seasons throughout the study; on average they con-
tributed to 53 and 43% of Chl a and phyto-C, respec-
tively (Fig. 3 and T able II). T he estimated contribution 
of flagellate-C to phyto-C may have been underesti-
mated because of difficulties in identifying smaller cells 
using microscopy. The overall dominance of flagellates 
was partly a result of the persistence of flagellates 
throughout the year, with a background {> l 0 Jlg C 
L - I) of small (5 Jlm) unidentified flagellates being parti-
cula rly prominent during winter (Table II). Blooms of 
PhMoqystis poucheUi (up to 160 Jlg C L - I) were another 
important feature of the flagellates and these occurred 
immediately after the spring diatom bloom (Table II). 
These blooms contributed significantly to the overall 
phyto-C and Chi a biomass particularly during 200 l 
and 2002. However, although the contribution of 
P. pouchetti to flagellates in 2002 was apparent in the 
flagellate-Chl a profile, in 200 l P. pouchetti erroneously 
contributed to diatom-Chl a (Fig. 4). T his suggests that 
dming 200 l P. poucheUi contained unexpectedly high 
fuco concentrations. This incorrect assignment will 
have contlibuted to the poorer correlation of diatom-C 
to dia tom-C hl a for the low Chi a:phyto-C subset com-
pared to the high Chi a:phyto-C subset. During July 
and/or August, Emiliania hwdeyi increased in numbers 
and formed significant blooms in 1999 and 200 I 
(Table ll). There were other differences between the 
phyto-C and Chi a profiles. On several occasions 
flagellate-Chl a was high compared to flagellate-C. For 
example, duri ng September 1999, increases in the 
flagellate-C hl a profile but not in flagellate-C profile 
eo-occurred with increases in C hi b. T his suggests that 
increases in prasinophytes and or chlorophytes were 
not detected by rnicroscopy resulting in underestimation 
of flagellate-C (Fig. 3). Additionally, in April 2002, the 
large increase in flagellate-Chl a was not observed in the 
flagellate-C profile. In contrast, during October 2002, 
large increases in ftagellate-C (120 Jlg C L - I) were not 
observed for flagellate-Chl a. This was due to tl1e pre-
sence of euglenoid flagella tes that contain pigments 
indistinguishable from other classes (Fig. 3). T he corTela-
tion between ftagellate-C and flagellate-Chl a was better 
when the Chi a:C ratio was high (,2 = 0.49) tl1an when the 
ratio was low (,2 = 0.08; Fig. 4). 
For most of the year, dinoflagellates were not a sig-
nificant component of the phytoplankton assemblage 
contributing to <1 0% Chi a and <5% phyto-C. An excep-
tion to this was during July to September each year when 
large blooms of dinoflagellates occurTed contributing 
>200 Jlg C L - I (Fig. 3). T he dominant species during 
this time was identified as K brevis (absent in peridinin 
but with prynmesiophyte type pigments plus gyrox; 
Om6lfsd6ttir et al., 2003) although other dinoflagellate 
species were also present (Table II). These other species 
often including Ceratium tripos succeeded K brevis (Table II) 
and could be distinguished by the presence of peridinin 
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Table If: Dominant and bloom forming species in the western English Channel (L4): Selected for species at > 1 0 f.,Lg C l- 1 
1999 2000 200 I 2002 
J f'MAMJ J ASONDJ f'MAMJ J ASONDJ FMAMJ J ASONDJ f'MAMJ J ASO 
DIATOMS • • • 
-
• Ceratulina pelagico p Chaetuceros debilus 
Detonu/a pumi/o • Eucampia zoodiocus • Guinordio jloccida • • Lauderia annulata • Leptocyllndricus danicus • Nilzschio delicotissum • Odentella sinensis 
.. 
Rhizolenio del/cow/a • • • • Rhizolenio shrobsolei 
Rhizolenia stolterfothi r: M Stauroneis membranace Tholassiosiro cf. gravida 
FLAGELLATES 
5J.lm 
-
cryptonomad 
t:millonla h1Ltleyi I Euglenoids Dinotryon 
PhoCfJCystls pouche.lli • • 
- -DJNOFLAGELLA TES 
-
Cerolium tripos 
.. • Dlnophysis ocuta 
Gymnodinium cf. pygmaeum 
=-
• HeJcrocop.ra minuta 
Korenio brevis • I • Mesoporus perforatus 
PICOPLANKTON 
-
Class Is highlighted a mixture of species present each at < 10 1'9 C 1- ' but with total > 30 1'9 C 1-'. 
JOURNAL OF PLANKTON RESEARCH I VOLUME 27 I NUMBER I I PAGES 103- 119 I 2005 
120 4000 
100 Diatoms 2000 
80 
.}i_,.J 60 -- .. 0 
40 
20 
0 
200 3000 
Flagellates 
2000 150 
1000 
100 
0 
50 
0 
60 ! Dinoftagellates 400 
' ' 
' i -excluding Karenia brevis 300 
40 
" 
! ! I 200 
' 100 
' 
20 j ~ 0 i 
! 
0 
~ 20 1400 
'i Cryptophytes 1200 
.-l 15 1000 r~ 
Cl 800 0> 3 10 600 c 
c 400 <11 0 5 200 .s:: 
-e 0 (.) ro 
(.) 0 
60 80 
Picoplanklon/ 60 
40 
Chrysophytes 40 
h. I 20 
20 0 
0 
3 200 
2 Cyanobacteria 150 
2 100 
50 
0 
0 
400 400 
Karenia brevis 300 300 ft 200 
200 A 100 100 f.... ,..... 0 0 k. 
J M M J s N J M M J s N J M M J s N J M M J s N 
1999 2000 2001 2002 
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CHE.\ITAX in surface water in the western English Channel (Station L4) from Marcl1 1999 to October 2002. 
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Fig. 4. Carbon versus chlorophyll a (Chi a) for total phytoplankton, diatoms (carbon eStimated using equations of Strathmann, 1967), flagellates 
and dinoflagellates for high and low Chi a : phyur C as defined in text and approximating to irradiance < 100 ftmol photons m- 2 .-• and 
> 100 I' mol photons m- 2 s- 1, respectively. 
(Fig. 3). O verall there were discrepancies between 
dinoflagellates-C and dinoflagellate-C hl a profiles. Specifi-
cally, the dinoflagellate-Chl a profile indicated biomass not 
observed for dinofiagellate-C (Fig. 3). ln a similar manner 
to the flagellates, this may have been due to the presence of 
small dinofiagellates cells that could not be readily distin-
guished using microscopy or by cells not being sampled 
representatively in the smaller volumes used for micro-
scopy. An additional complication when identifying 
dinoflagellates using a microscope is in distinguishing 
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between the autotrophic, heterotrophic and mixotrophic 
components whilst HPLC is measuring photosynthetic 
dinoA.agellates. 
Estimates of cryptophyte-C were low compared to 
cryptophyte-Chl a (Fig. 3). Cryptophytes have poor pre-
servation in fLxative and are often too small to be dis-
tinguished from other flagellates. 1l1e estimates of 
cryptophyte-Chl a, on the other hand, are less prone to 
error because the assignment of alloxamhin to crypto-
phytes in CHEMT AX is unambiguous. T he crypto-
phyte-Chl a proftle showed some similarities to the 
flagellate-C profile providing evidence that some crypto-
phytes were counted as flagellates (Fig. 3). Another con-
tributory factor to the low cryptophyte-C estimates 
compared to cryptophyte-Chl a estimates may have 
resulted from cryptophytes occurring as endosymbionts 
in the ciliate Mesodiniunz spp., (Hibberd, 1977; Gieskes 
and Kraay, 1983). Increases in Mesodiniunz numbers 
occurred each year in April/ May and in September/ 
October and additionally during August in 1999, and 
these increases were concomitant with increases in 
cryptophyte-Chl a (Fig. 3). 
The chrysophyte-Chl a estimates showed a similar 
pattern to picoplankton-C, with highest and lowest levels 
observed during 2001 and 2002, respectively (Fig. 3). 
Picoplankton-C was low throughout the study (0- 30 llg 
C L - 1), particularly in 2002 (<5 llg C L - 1), and showed 
no interannual or seasonal pattern. There were no sud-
den blooms of picoplankton, but once cell numbers 
increased they persisted for many months (Fig. 3). 
Most cyanobacteria are too small to be dete1mined 
by microscopy. Filamentous cells, however, could be 
identified (Fig. 3). Two small increases in cyanobac-
teria-C were seen inJune and September 1999. Cyano-
bacteria-Chl a was generally intermittent and low (up to 
80 ng L - 1), with highest concemrations (200 ng L - I) in 
September 1999 eo-occurring with cyanobacteria-C 
(Fig. 3). 
Chi a:phyto-C and irradiance 
The Chi a:phyto-C ratio decreased as a function of 
increasing irradiance received in the S.ML for both 
200 1 and 2002 (Fig. 5A). Correlation was particularly 
strong for samples collected on clear sky days during 
2001 (?- = 0.91; Fig. 5B). T he observed relationship is 
consistent with that determined in a d)'11amic regulatory 
model for phytoplankton growth and acclimation (Fig. 
5B; Blackford et al. 2004). Furthermore, similar relation-
ships between the Chi a:phyto-C ratio and irradiance 
were observed for both diatoms and flagellates, with a 
strong relationship for flagellates on clear sky days dur-
ing 200 1 (Fig. 6). 
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Fig. 5. Chlorophyll a (Chi a):phyto-C with estimated surface mixed 
layer irradiance fo r samples collected during 200 I (filled squares) and 
2002 (open squares). (A) All samples, (B) Samples collected on clear sky 
days. y = - 0.0217Ln(x) + 0.1353, ?- = 0.91, P < 0.000 t for 200 I (filled 
squares); y = -0.0295Ln(~ + 0. 1955, ?- = 0.42, P = 0. 1 t for 2002 
(open squares). Grey lines derived from Geider tl al. model (t 997) of 
phytoplankton acclimation solved to derive the optimal Chi a : phyto-C 
for irradiance in the surface mixed layer using a conversion factor of 
t W m2 = 1.89 IJmol m-2 . - • (Hall and Rao, 1987). Each grey line, 
dark to light, refers to a ma.'<imum assimilation rate of I, 2 and 3 day- •, 
respectively. Circles represent Chi a : phy1o-C determined for 
20 cultures grown at an average irradiance of 122 1Jmol photons 
m- 2 ,-• from Uewellyn and Gibb (2000). Open circles = C deter-
mined from biovolwne con~-ersion (Strathmann, 1967) and dosed 
circles = C determiJled from elemental analysis (majority of open 
circles are O\·erlaid with closed circles). 
DISCUSSION 
Microscopy and HPLC-CHEMT AX. 
The results show that there is no clear relationship 
between biomass estimates derived from pigment -
CHEMTAX and microscopy cell counts. The best cor-
relations between the two estimates were for diatoms 
when irradiance levels were low (< I 00 1-1mol photons 
m- 2 s- 1). For each method of determination there are 
many considerations that need to be taken into account. 
For example, estin1ating carbon from cell counts is 
dependent on cell volume estimations and the equation 
for biomass conversion (Montagnes et al. , 1994). ln this 
study, we used two carbon estimations for diatoms. 
Those calculated using the regressions of Montagnes 
and Franklin (Montagnes and Franklin, 200 I) were on 
average 1.94 (± 0.45) times higher than those calculated 
with the factors of Strathmann {Strathmann, 1967). In a 
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Fig. 6 . C hlorophyll a (Chi a):phy1o-C for diatoms and flagellates ""th estimated surface mixed layer irradiance for samples collec~d during 2001 
and 2002. (A) diatoms all days (B) diatoms on clear sky days.y = - 0.0416Ln(.•) + 0.3364, .' = 0.11, p = 0.30 for 2001 (ftllcd squares) and 
y = - 0.06 11 Ln(x) + 0.419, .' = 0.37, P = 0.27 for 2002 (open squares). (C) Flagella~s all days, (D) flagellates on clear sky days y = 
- 0.026Ln(x) + 0.1568, .' = 0.78, P = 0.0001 for 2001 (filled squares) andy = -0.019Ln(x) + 0.1516, .' = 0.31, p = 0.19 for 2002 (open 
squares). Grey lines derived from Geider tl al. model (1997) of phytoflankton acclimation solved to derive the optimal Chi a : phy1o-C for 
irradiance in the surface mi. . ed layer using a conversion factor of I \V m = 1.89 IJIDOI m_, s - • (Hall and Rao, 1987). Each grey line, dark to ligh t, 
refers to a ma'<imum assimilation rate of I, 2 and 3 day- •, respectively. Circles represent Chi a: C determined for 10 diatom and 10 flagellate 
cultures grown at an average irradiance of 122 J.Uilol photons m - 2 s - • from U ewellyn and Gibb (Uewellyn and Gibb, 2000). Open circles = C 
determined from biovolume conversion (Strathmann, 1967) and closed circles = C determined from elemental analysis (majority of open circles 
are overlaid " <ith closed circles). 
study on coastal Amarctic waters by Garibotti et al. 
(Garibolti et al., 2003), total phytoplankton community 
carbon estimated by the factors of Momagnes and 
Franklin (Montagnes and Franklin, 2001) and 
Montagnes et al. (Montagnes et aL, 1994) was roughly 
three times higher than total phytoplankton community 
carbon estimated using Strathmann's (Strathmann, 1967) 
relationships. In another study, Schliiter et al. (Schliiter 
et al. , 2000) found that biomass estimated from micro-
scopy from two different laboratories were not consis-
tent. On one date, biomass was I 0 times higher than 
that found by another laboratory, and on another occa-
sion it was four times lower. TI1e carbon:volume ratio 
appears to be very variable. Montagnes et al. (Montagnes 
et al. , 1994) found variation from 0.04 to 0.4 pg C j.lffi - 3 
in nanoplankton. Uewellyn and Gibb (Uewellyn and 
Gibb, 2000) found the ratio varied from 0.02 to 
0.5 7 pg C j.lm - 3in diatoms and from 0.2 to 0.4 pg C j.lm - 3 
in prymnesiophytes. Two-fold variations of carbon:volume 
with time of day have been reponed for SJnechococcus sp. 
(Stramski et al., 1995) and ThalassWsira pseud01llllUI (Stramski 
and ReYl1olds, 1993). Another disadvantage of using micro-
scopy is that altl1ough a trained microscopist is able to 
distinguish individual species, it is difficult to determine 
picoflagellates and cryptophytes that are close to tl1e resolu-
tion of the light microscope. Picoflagellates and cryptophytes 
are often importam components of the natural assemblage. 
For the CHEMTAX estimations ofphytoplankton the 
largest uncertainties are those associated with the initial 
input of pigment:Chl a ratios for each class and the 
variability of the pigmem:Chl a ratio within each class 
for the field data. In this study, there were many para-
meters that could affect the pigment:Chl a ratio within 
the field data. Not only were the irradiance measure-
ments and nutrient concentrations highly variable but 
there was also a highly dynamic community assemblage 
with high phytopla.nkton species diversity. However, 
despite this variability during the study the CHEM-
TAX-derived output pigment:Chl a ratios for tl1e two 
data sets Qow and high Chi a:phyto-C; Table I) were 
similar. TI1ere were some small increases in ratios for the 
low Chi a:phyto-C subset compared to the high Chi 
a:phyto-C subset (fable I). This is consistent with Chi a 
declin ing faster than accessory photosynthetic pigments 
as irradiance increased and concurs with results from 
other studies (Schliiter et al., 2000; Staehr et al., 2002). 
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The most notable change was for the hex-fuco:Chl a 
ratio in haptophytes which increased from 0.31 for high 
Chi a:phyto-C Qow light) to 0.49 for low Chi a:phyto-
C (fable ll). l11is also concurs with observations of 
Schltiter et al. (Sehltiter et al., 2000) who found lhat for 
E. huxleyi, lhe hex-fueo:Chl a ratio increased from 0.23, 
when grown under low light (23 11J110I photons m - 2 s - •), 
to 0.42, when grown under green light (98 ~-tmol photons 
m- 2 s- 1) typical of coastal conditions. In this study, fuco 
was the only pign1ent to decrease relative to Chi a in the 
low Chi a:phyto-C ratio table compared to lhe high 
Chi a:phyto-C ratio table. Fuco:Chl a decreased from 
0.37 to 0.3·~ for haptophytes and 0.42-Q.32 for diatoms 
(fable I). This is also consistent with a sllldy on micro-
algal cultures by Schltiter et al. (SchlUter et al. , 2000) 
where for bolh diatoms and haptophytes the fuco:Chl a 
ratio was higher during low light and stationary phase 
growth conditions and declined significantly under high 
and green light conditions. Similar results were also found 
by Henriksen et al. (Henriksen et al., 2002), where 
fuco:Chl a ratio in the diatom ~lum hrightwelli. was double 
(fuco: Chi a ratio = 0.99) during stationary growth phase 
compared to exponential growth phase. ln addition, 
Henriksen et al. (Henriksen et al., 2002) found that 
D. hrighlwelli was also the only species of 12 in which fuco 
was significantly affected by nutrient concentration, 
with an increase in fuco:Chl a from 0.67 to 1.09 when 
the molar N:P ratio was increased from 5: I to 16: I during 
stationary growth phase. Our fuco:Chl a ratios did not 
reach the high values observed during stationaty growlh 
phase of diatoms by Sch!Uter et al. (Schltiter el al., 2000) and 
Henriksen et al. (Henriksen et al., 2002) indicating that, 
throughout the study period, diatoms were not in station-
a ry growth phase. 
Not only can the pigrnent:Chl a ratio be highly variable 
but the pigment contem of cells can also vruy according to 
environmental condition. Cellular pigment content can 
vary by up to a factor of I 0 in environments where growth 
might be lin1ited by nutrients and light and by a factor of 
3- 5 in nutrient replete cultures due to photoacclirnation 
(Falkowski, 1980; Goericke and Repeta, 1993). In a study 
by Om6lfsd6ttir et al. (Om61fsd6ttir et al., 2003), lhe 
cellular concentration of gyrox for K brevis varied 
from 0.26 ru1d 0. 78 pg celr 1 depending on lhe irradiru1ce. 
ln our study, where gyrox concentrations were <5% 
of those reported by Om 61fsd6ttir et al. (Om6lfsd6ttir 
tl al., 2003) cellular concentrations ranged from 0.02 
to 0.2 pg cell- 1• Differences in cellular pigment concen-
trations may explain why, during the summer when irra-
diance was high, lhe CHEl\,ITAX indicated low biomass 
of diatoms whereas microscopy suggested the presence of 
large an1ounts of diatom-C (Fig. 3). This highlights 
the particular importance of including the influence of 
irradiance when interpreting pigment data in terms of 
phyto-C biomass. 
Chi a:phyto-C ratios 
Considering the uncertainties associated wilh both 
microscopy carbon and pigmem-CHEMTAX estimates 
of biomass, it is not surprising that there is large vari-
ability in the Chi a:phyto-C ratio for namral populations 
of phytoplankton sampled over the seasons. However, 
lhe estimated Chi a:phyto-C ratios in this study fall 
within lhe range reported in other smdies. Our ratios 
are consistem with high Chi a relative to phyto-C when 
irradiance is low either during winter months or at 
deeper depths in the water column (Maran6n et al., 
2000; Garibotti et al., 2003; Veldhuis and Kraay, 
2004). Phyto-C was more significantly correlated to 
Chi a when the Chi a:phyto-C ratio was high. This 
occurs most frequently during winter when irradiance 
is low, nutrients are non-limiting and hence the pign1ent 
content is likely to be maximal. During winter, irradi-
ance fluctuates less than in summer, and this is a likely 
explanation for the stronger correlation between phyto-
C and C hi a for the high Chi a:phyto-C data set (Fig. 4). 
On four occasions the Chi a:phyto-G was particularly 
high, i.e. >0.08, and much higher than predicted from 
lhe model (Fig. 5). These exceptionally high ratios 
occurred between March and May in 2001 and 2002. 
In a study using cultures by I.Jewellyn and Gibb 
(Liewellyn and Gibb, 2000), high Chi a:phyto-C ratios 
of 0.076 and 0.067 (using Strathmann, 1967 equations) 
were obtained for the prymnesiophyte Coccolilhus pelagicus 
and the diatom Aclinocyclus suhtilis grown at between 98 
and 146 ~-tmol photons m- 2 s- 1 (Fig. 5). However, con-
siderably lower ratios of 0.034 and 0.013, respectively, 
were obtained where elemental carbon was used rather 
than biovolume estimated carbon (Liewellyn and Gibb, 
2000). Both C. pelogi.cus and A. suhtilis are exception-
ally large cells (measured cellular volumes 1295 and 
20056 ~-tm3, respectively) indicating that the Strathmann 
(Strathmann, 1967) equation is not appropriate for cells 
of this size and underestimates cellular carbon content. 
This may explain the exceptionally high values of C hi 
a:phyto-C we observed during March and May when 
large bloom fom1ing species were present (fable II). 
T his may also explain the exceptionally high and unreal-
istic Chi a:phyto-C ratios observed for diatoms (Fig. 6). 
In this smdy, we estimated surface mixed layer irra-
diance but in realiry the complex physical mixing at L4 
will tend to blur relationships between Chi a:phyto-C 
and surface irradiance. Furthermore, our irradiance 
measurements are taken at the point of sample collection 
and, lherefore, do not take into account the previous 
light history of the cells. Although there was a stronger 
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correlation between phyto-C and C hl a when the Chl a: 
phy10- C ra tio was high, estimates of phyto-C during 
winter are likely to have been underestimated. This is 
because during wimer there were larger numbers of 
pico- and nanoflagella tes compared to spring and sum-
mer, and these are more likely to be missed during 
microscopy enumeration. In this study, significam con-
centrations of cryp10phytes and d inoflagellates were 
observed during winter using HPLC, but were absent 
in microscopy determinations. 
Scope for improving class-Chl a and 
carbon estimates 
CH EMT AX is the most robust method to date for 
partitioning pigmem concentrations into class specific 
Chl a (Mackey et al., 1996). H owever, there is scope for 
improving the inform ation inpUL 10 enable more accu-
rate CH EMTA)( estima tions. Most importantly, better 
understanding is required of the rela tionship between 
pigmem:Chl a ra tios, growth rates and environmental 
conditions (including light and nutrients). This includes 
extending pigment:Chl a ratios to a wider range of 
species than those cited in the C H EMTAX methodol-
ogy paper (Nl ackey et al., 1996) and those in more recent 
litera ture (Liewellyn and Gibb, 2000; Schliiter et al. , 
2000; H enriksen et al., 2002). The ability 10 accommo-
date variable pigment ratios within the CHEMTAX 
programme according to environmental parameters 
would provide an important step forward in more accu-
rate assessment of phytoplankton composition. Another 
improvement would be the inclusion of more minor 
pigments in CH EMTA)( matrices. T his could be 
achieved by using higher resolution HPLC separations. 
For example, a more recently developed method enables 
greater resolution of the high class specificity polar pig-
ments including a range of Chi c type pigments (Zap ata 
et al., 2000). T his method has been applied to the ana-
lysis of 3 7 species of cultured haptophytes and distin-
guished eight pigmem types based on nine C hi c and five 
fuco derivatives, offering ocean ographers greater power 
for detecting haptophytes in mixed populations while 
also distinguishing a greater proportion of them from 
diatoms (Zapata et al., 2004). Improved estimates of 
carbon, particularly for picoplankton (0.2- 2 11m) and 
cryptophytes, may be achieved by using epifluorescence 
microscopy and/ or analytical cell-flow cytometr y in 
addition to ligh t microscopy and H PLC. 
C ONCL USION 
Neither micro copic observation nor pigment a nalysis, 
provide a complete solution for phyto-C estimation. The 
two techniques measure dilferem parameters and should, 
therefore, be considered as complimema.ry to one another. 
Estimates of phytoplanl1on biomass derived from pigment-
CHEMTAX and microscopy cell counts show large 
discrepancies and cannot be directly compared without 
considering a large number of different factors. Further-
more, it is widely established that, to imerpret HPLC pig-
ment data requires supplementary microscopy cell count 
data and or flow cytometric analysis, this is 10 ensure that 
pigment assignments are correct. Additionally and more 
importantly, we conclude from this study that if pigments 
are to provide quantita tive estimates ofbiomass then infor-
mation on other environmental parameters, in particular 
irradiance, must be taken into account. In this study, the 
Chl a:phyto-C ra tio showed log decline with irradiance 
with a relationship consistent with that produced from a 
model ofphytoplan kton acclimation to light. 1l1is provides 
a way forward in interpreting pigment distributions in 
terms of biomass and in quantifying class specific carbon. 
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The annual cycle of phytoplankton photosynthetic 
quantum efficiency, pigment composition and optical 
properties in the western English Channel 
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Phytoplankton photosynthetic quantum efficiency (PQE), pigments, absorption characteristics, species 
composition (converted to phytoplankton carbon, Cph) and other variables were measured at an offshore 
site in the western English Channel throughout 2001, using an opportunistic weekly sampling schedule. 
T he variation of chlorophyll-a (Chla) and other phytoplankton pigments followed the classical seasonal 
cycle, driven by incident light, patterns of stratification and nutrient availability. Phytoplankton and 
pigment concentrations were low in the winter, rising to a peak in the spring 'bloom', with episodic 
blooms throughout the summer, an autumn bloom and a decline to the winter minimum. Surface layer 
Chla and total pigment (Tpig) concentrations were highly correlated for the whole year, yet it was 
observed that the fraction of Chla in Tpig (Chla{Tpig) was not constant and had a distinct seasonal 
pattern, low in winter and higher in spring, summer and autumn blooms. Chlorophyll-a{Tpig was linearly 
correlated with recent ambient light fluxes and maximum PQE (PQE.,) throughout most of the year, 
though more significantly within seasonal periods. Chlorophyll-a and Tpig were both linearly correlated 
to Cph and the ChlafCph ratio was significantly correlated with both Chla{Tpig and PQEm. Also the 
optical absorption ratios, a674fa443 and a674{a490 were significantly correlated with PQE a nd Chla/ 
Tpig, indicating probable optical signatures for these two parameters. The seasonal cycle of measurements 
of photosynthetic quantum efficiency provided a bench-mark against which all the photosynthetically-
driven seasonal changes of biological properties can be understood, in terms of incident solar radiation 
and nutrient availability. We conclude that phytoplankton synthesize Chla preferent ially to other pigments 
or carbon compounds in conditions beneficial to growth . The PQF.m, the ratios of Chla{Tpig, Chla{Cph 
and a674fa443 are greater when plants a re growing actively. In periods of nutrient sufficiency, PQEm, 
Chla{Tpig and a674fa443 are all linear functions of the mean total photon flux for the recent few days. 
Photosynthctically driven changes in Chla synthesis, cause observed changes of Chla{Tpig and Chla{Cph 
ratios. 
INTRODUCTION 
Chlorophyll-a (Chla) is the ubiquitous plant pigment. lt 
is an essential component of Photosystem II (PSII ), part 
(with PSI ) of the photosynthetic apparatus for photoche-
mical energy conversion and a major pigment of the light 
harvesting complex of most plants including marine 
phytoplankton. For decades, biological oceanographers 
have used Chla concentration as the simplest measurement 
of phytoplankton biomass, as it accounts for about 50% of 
the total phytoplankton pigment (Tpig) Aiken et al. , 1995 
(range 0.38 to 0.55 in seven provinces) and Trees er al. , 
2000 (32 cruises, each of 2-4 weeks duration, none were 
seasonal studies). Herein we have followed the nomen-
clature of Trees et al.: Chla=total Chla, including 
chloroph illide-a (practically none in this study) and in 
the waters of the western English Channel, there was 
only mono-vinyl Chla (no prochlorophytcs, no di-vinyl 
Chla); AC=total accessory carotenoid pigments; Tpig= 
Chla+ Chlb+ Chlc+AC. Trees et a l. (2000) concluded that 
there was a ubiquitous relarionship between C hla and AC 
globally, which explained the success of remotely sensed 
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Chla algorithms, even though phyroplankron populations 
varied in their composition and suite of pigments. Despite 
the ubiquity, their data showed that Chla{AC varied from 
0.57 to 1.18 (range of 2) and Chla/Tpig from 0.37 to 0.55 
(range of 1.5). 
Margalef (see review Margalef, 1967) reported the ratio 
of the optical densities of phytoplankton extracts in 90% 
acetone at 430 and 665 nm (D430{D665) ranged from 2 
to 8 and qualitatively equated to the ratio of total pigments 
to green pigments i.e. approximately the inverse of Chla/ 
Tpig ratio. Seasonal studies showed that the ratio 
increased (i.e. Chla{Tpig was low) as the population 
aged and as nutrients were consumed, was high (i.e. 
Chla{Tpig was low) in populations low in chlorophyll 
(i.e. oligotrophic) and was low in cells relatively rich in 
chlorophyll (i.e. Chla/Tpig high). Jcffrey & Hallegraeff 
(1980) reported that the D480{D665 (blue:red ratio, 
approx imately equivalent to carotenoid/ Chla ratio) of 
between 2.5 a nd 3.0 indicated living cells and higher 
ratios indicated progressively increasing proportions of 
detrital pigments (i.e. older cells). Heath et al. (1990) 
reported that carbon{Chla ratios, 480{665 absorption 
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ratios and carbon/nitrogen ratios all eo-varied ; low values 
of 480/665 ratio, corresponded to high Chlafca rotenoid, 
high ChlafC and high N/ C, i.e. healthy (photosynthe-
sizing) cells. Preferential Chla synthesis for healthy 
algae and vice versa when nutrient-starved , have been 
reported for culture experiments, consistent with the 
high energetic requirements of Chla synthesis. The 
carotenoid{Chla ratio (an inverse analogue of Chlaf 
Tpig) has been shown to increase for nutrient depleted 
plants (Schluter et al., 1997; Holmboe et al., 1999). 
Since the late 1960s the measurement of Chla fluores-
cence has been widespread for mapping and quantifying 
the distribution of phytoplankton biomass in the marine 
environment (Aiken, 2001). Chlorophyll-a fluoresces in 
vivo with the emission of red light ( ~683 nm) principally 
when excited by blue light over a broad spectrum in the 
'Soret' band (400 to 470 nm) though other wavelengths 
can excite the red fluorescence. Chlorophyll-a in vivo fluor-
escence yield is highly variable, being low in high light 
and nutrient replete conditions (when photosynthesis is 
high) a nd increasing at night and in some nutrient 
deplete conditions (when photosynthesis is low) making 
the interpretations of measurements by simple fi lter fluo-
rometers difficu lt and ambiguous (Falkowski & Kiefer, 
1985). The causes of this variability are well known. At 
physiological temperatures, fluorescence at 683 nm origi-
nates mostly from electron-hole recombination processes 
in PSII (delayed luminescence, Barber et al., 1989; 
Kolber & Falkowski, 1993). Bulk antenna chlorophyll 
contributes only a small fraction of the emission at 
683 nm. The luminescence process has a high but variable 
efficiency, inversely related to photosynthetic rates, yet it 
dominates stimulated fluorescence from antenna chloro-
phyll by a factor of 10 (efficiency is I to 4% compa red to 
0.1 to 0.4%). 
The pump and probe fluorometer (PPF) and the 
fast repetit ion rate fluorometer (FRRF) were developed at 
the Brookhaven National Laboratory (Kolber & Falkowski, 
1993) by exploiting the variable fluorescence phenomenon 
to determine phytoplankton photosynthetic activity and 
parameter values, rapidly and non-destructively, in situ, in 
aquatic environments. In this paper we report measure-
ments of photosynthetic quantum efficiency (by FRRF), 
phytoplankton pigment composition and absorption prop-
erties, determined in the western English C hannel (WEC) 
approximately weekly fromjanuary to December of2001. 
The derivation of primary production from FRRF data 
and comparisons with radio-carbon measurements of 
production or photosynthetic parameters will be reported 
subsequently. 
MATERIALS AND METHODS 
The FRRF was developed to measure phytoplankton 
photosynthetic parameters, in situ, rapidly and non-
destructively. The mechanistic model and the operational 
protocols for the FRRF have been developed in Kolber & 
Falkowski, 1993; Falkowski & Raven, 1997 and Kolber 
et al., 1998. We adopt the recent consistent notation of 
Grobunov et al. , 2001 and Suggett et al., 2001. We used a 
commercial FRRF (Chelsea Instruments) employing an 
excitation protocol of 100 ' flashlets' of sub-saturating 
intensity (1.1 f1S duration and 2.8 JlS interval) to 'pump' 
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PSII from the initial fluorescence, F0' in ambient light or 
F0 dark-adapted, to the maximum value (all reaction 
centres fi lled), F m', ambient light and F "'' dark-adapted; 
throughout the prime superscript is used to denote 
ambient-light observations. The variable fluorescence F/, 
Fv (= Fm'-F0' or F01- F0) ratioed to Fm' or Fm gives F.'/ 
F1111 (dimensionless) the quantum yield of photochemistry 
in ambient light ( PQE') and F vf Fm (dimensionless) the 
maximum yield of photochemistry in dark adapted state 
or at night (PQEm)· The FRRF has a ' light chamber, L' 
exposed to ambient light and a 'dark chamber, D' with a 
flush-time of 0.2 to 1.0 s, sufficient to inhibit photochem-
istry but not non-photochemical quenching. As shown 
later, there were very little differences between the data 
from the dark and ambient light chambers, except near 
the surface, in the high-light zone; they converged deeper 
in the water column, in effect providing duplicate data 
from i11 situ FRRF profiles. An other parameter measured 
by the FRRF is the functional absorption cross section of 
PSII , (jPSII (uni ts w-20 m2) derived from the slope of the 
fluorescence-yield curve from F0 to F01 by fitting an expo-
nential function to the data. 
Primary productivity and PQE are not equivalents, but 
they are linked (Kolber & Falkowski, 1993) through the 
absorption of light (u PS11 ) and the photosynthetically 
avai lable radiation (PAR) by the relationship, adapted 
from Suggett et al. , 2001: 
P8 (z) = 2.43 x 1015 x up 11 x PQE'(z) x 
PAR(z) x f x nPSII x PQ - I ( I) 
where P8 (z) is the biomass specific photosynthetic carbon 
fixation per unit volume at depth z (mol C02 m-3 h- 1) , fis 
a constant proportional to the number of functional reac-
tion centres, nPS11 is the ratio of RCII to Chla (mol photon 
[mol Chlar•, estimated as 500 for euka ryotic algae), PQ 
is the photosynthetic quotient (mol 0 2 evolved [mol C02 
incorporated] -• assumed to be I) and 2.43 x l015 is a 
numerical factor to account for the conversion of seconds 
to hours, photons to moles of reaction cent res, mol Chla to 
mg Chla a nd Jlmol 0 2 to mol 0 2. 
Study site 
Station L4 in the WEC is located at 50.25°N 04.217°W, 
10 km south of Plymouth Breakwater; the nominal depth 
of water is 51 m and the mean tidal current speed is 
0.25 cm s-•. Occasionally, additional measurements (24 
and 48 h stations) were taken at Station El (50.033°N 
04.367°W, nominal depth 72 m) about 27 km south from 
L4. Stations L4 and El have been monitoring stations since 
about 1920 and L4 has been sampled intensively for over a 
decade. ln the winter (late September to March) the water 
column at L4 is generally totally mixed, except for intermit-
tent salinity stratification, due to a surface layer of fresher 
water of riverine origin. The L4 and El sites stratify from 
Ma rch through to September, with nutrient depletion of 
the surface layer in mid-summer. Throughout the WEC 
there is a succession of phytoplankton blooms from spring 
to autumn: small diatoms, large diatoms, Phaeocystis spp., 
coccolithophores, Gymnodinium spp. a nd Ceratia spp. 
(HoUigan & Ha rbour, 1977). 
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From J anuary to December 2001 there was a 
programme of measurements by FRRF, conductivity -
temperature- depth probe (CTD ) and optical profilers 
{irradiance, Ed and radiance, Lu, in seven wavebands, 
common to SeaWiFS wavelengths) approximately weekly, 
depending on weather and ship availability (44 times); 
there was one 48 h station at El in June 2001 provid ing 
FRRF casts in the da rk. For the typical weekly sortie to 
L4, the vessel departed Plymouth at 0800 h to be on 
station at about 1000 h local time. The FRRF with PAR 
and optical sensors were mounted on a rig that ensured 
none were self-shadowed and profiled from the stern of 
the vessel, oriented to the sun to avoid ship-shadow. 
Nearly all the data were acquired with FRRF Ser No. 
018, but occasionally, for reasons of service, calibration or 
deployment elsewhere, FRRF Ser No. 010 was deployed. 
On the next L4 sortie, both inst ruments were profil ed 
sequentially, for inter-calibration and always the mean 
values of the mai n parameters (PQEm and aPS11 ) agreed 
within the SD of each value. Surface water and on some 
occasions, water from the thermocline acquired on water-
bottle casts, were collected contemporaneously with the 
instrument cast, stored in covered insulated carboys and 
returned to the shore laboratory by 1200 h. 
Ashore, water samples for the quantification of pigments 
by high-performance liquid chromatography (H PLC), 
spectraphotometry and particle absorption spectra were 
filtered ' immediately' (on 25 mm GFF) flash-frozen in 
liquid N2 and stored in -8o•c freezer for subsequent 
a nalyses in batches (about 20 samples). Surface water 
samples were fi ltered for the assay of nutr ients (by stan-
dard laboratory colorimetry, Woodward et a l. , 1999) and 
the determination of bio-optically active constituents, 
notably phytoplankton pigments {by HPLC, Barlow et a l., 
1997) phytoplankton pa rt icle absorption spectra ( PABS, 
Tassan & Ferrari, 1995) and phytoplankton species counts 
(Lugol's-preserved), which were converted to carbon 
biomass by standard formulae (Strathmann, 1967). T he 
PAR, wind speed a nd direction, relevant to the WEC 
were measured at the University of Plymouth weather 
stat ion, 20 km north of the L4 station. 
FRRF profiles 
Figure I shows the data (1 m bins) for a vertical cast of 
the FRRF and CTD at Station L4 in J-;ebruary 2001. 
Unusually this early in the year, there was a quasi-
isothermal surface layer to 19 m, above a weak thermo-
cline (20 to 29 m, 0.45°C in 9 m). Phytoplankton were 
mixed through the surface layer and thermocl ine to 29 m. 
Both FmL' and FmD' increased from a low value 
(quenched) at the surface to 8 m, remaini ng moderately 
constant deeper, to the base of the thermocline. Both 
PQEL' and PQED' (Figure lC) showed 'quenching' 
(photochemical and non-photochemical) from 0 to 15 m 
becoming quasi-constant from 15 to 28 m. For the casts in 
the sun li t part of the day, the representative (day-adapted) 
value of PQE for the p hytoplankton assemblage was 
equated to the sub-surface value (light or dark chamber) 
at depths (typically 15 to 20 m) where quenching was 
negligible and the PQE had attained a constant value, 
denoted as PQJ':m. From soon after dusk to dawn, PQE 
profiles were constant through the surface mixed layer as 
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there was no quenching (value= PQEm)· At night the 
mean value was approximately equal to the sub-surface 
day value of PQF:m but by d awn it had diminished by 
about S%. Measurements of discrete samples from 
daytime water bottle casts (d a rk-adapted for 10- 20 min) 
both in the WEC (L4 and E l) a nd elsewhere, gave 
values of F,J f m that equated to PQEm, but ~S% less. 
The evidence suggested that PQE'" declined by a few per 
cent if devoid of photons, overnight or if dark adap ted. 
Cross-section a PSu (not shown) was usua lly constant with 
depth; a ny diminution of the value near surface 
(quenching-like) was assumed to be an a rtefact of the 
measurement. 
Data from a cast at Station El in mid-summer on 21 
June 2001 ( Figure 2, L4 was simila r at this time) showed 
strong stratification, typical for summer. Because of die! 
solar heating, the surface layer was not isothermal, with a 
weak tempera ture gradient, 0 to 18 m (16.3° to 14.3°C) 
which was stable and nutrient depleted . Below it t here 
was a sharp thermocline 18 to 24 m (3°C in 6 m) and an 
isothermal bottom mixed layer (li.2°C). It was likely that 
the surface layer was re-mixed over-night, every night, by 
convectiona l cooling, as normal in these temperate lati-
tudes. The profiles ofF' m showed a sha rp sub-surface fluor-
escence-maximum in the thermocline a t about 23 m. The 
PQED' and PQEL' profiles differed markedly close to the 
surface (more quenching for the L-chamber in bright 
sunshine) but they converged at depths of 40 to SO m. 
From this profile, the PQEm for the surface assemblage 
(high light, low nutrients) was derived from the average 
of the data from IS to 19 m (an underestimation possibly) 
and a value for the thermocline population (moderate 
light and sufficient nutr ients) was derived by averaging 
the data from 2S to 30 m. Often for a shallow surface 
layer (IS m or less) at mid-day in bright sun, it was impos-
sible to derive an accurate value of PQEm in the surface 
layer, when quenching extended below the mixed layer 
into the thermocline. 
RESULTS 
Figure 3A,B show the variatio ns of the surface layer 
values of Chla, Tpig, PQEm, a PSJJ and Chla/Tpig at 
Station L4 for J a nuary to December 2001 (sdy=serial 
day of yea r). Figure 3C shows the varia tion of surface 
layer nutrient (N03, P04) concentrations at L4 and the 
total daily PAR measured at the Plymouth weather 
station, which monitored the prevailing weather 
approximate to that experienced at Station L4. All 
the variables (except nutrients) had low values at tl1e 
beginni ng of tile yea r, rose through the spring, showed 
episod ic fluctuations th rough the summer and the 
autumn and declined in early winter ; for a PSn the seasonal 
pattern was less distinct. The annua l seasona l cycle of 
pigments and p hotosynthetic prope rties had three distinct 
periods: 
l. J anua ry - mid-May (sdy 8 to 128) mid-winter to spring 
bloom (MWSB) a ramp-up period ; 
2. Mid-May - August (sdy 134 to 232) summer stratified 
(SS) with interspersed sub-surface, Chla-maximum in 
the thermocline (SStm) and episodic surface blooms 
(SSsur); 
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Table 1. Statistics from the regression analyses ( type 2) of the relationships between photosynthetic ejjiciency PQ.E.,, pigment ratios 
Chlaj Tpig and particle absorption ratios at 674 and 443 nm ( a674ja443) vs 1/4 day PAR (mean PAR over the last 1 or 4 days) . 
Independent Dependent Data 
variable variable included Slope Intercept R N 
I day PAR PQEm MWSB 0.001~3 0.385 0.899 13 
I day PAR PQEm ABEW 0.0016 0.477 0.708 11 
4day PAR Chla(fpig MWSB 0.0079 0.442 0.961 12 
I day PAR Chla(fpig ABEW 0.001~8 0.457 0.828 11 
4 day PAR a674fa443 MWSB 0.0 18 0. 170 0.760 12 
4 day PAR a674fa443 ABEW 0.015 0.396 0.795 10 
For abbrevia tions sec text. 
Table 2. Statistics from the regression analyses ( type 1) of the inter-relationships between chlorophyll-a (Chla), total pigment 
( Tpig) and accesSOT)' pigment ( AC) concentrations and the pigment ratios. 
Independent Dependent Type of 
variable variable relationship 
AC Chi a Linear 
Tpig Chla Linear 
Tpig AC Linear 
Chi a Chla{Tpig Log 
Tpig Chla{T pig Log 
AC Chla(fpig Log 
Chla Chla{AC Log 
Tpig Chla{AC Log 
AC Chla{AC Log 
3. September- December, autumn bloom (AB, sdy 246 to 
295) and early winter (EW, sdy 309 to 354), a ramp-
down period. 
In the M WSB period, the surface layer values of Chi a, 
Tpig and PQEm were all low initially, as photosynthesis 
was limited by low light just after the winter solstice, 
though nutrients were in surplus. Chlorophyll-a a nd 
PQEm were 0.09 and 0.38 in early January (sdy 8) rising 
to 0.44 and 0.45 (sdy 29), before falling to 0.34 and 0.41 in 
early February (sdy 44). Throughout the remainder of the 
low-light late winter period, PQEm fluctuated weekly 
between 0.4 and 0.46, showing a weak coupling wit h 
changes of the prevailing weather, incipient stratification 
and water column instabili ty, noticeably increasing 
during periods of calmer weather and higher sunlight 
(Figure 3C) and declin ing in the windier (higher mixing) 
and duller periods. Generally CTpg11 increased through this 
period , fluctuating in and out of phase with PQE01, 
possibly lagged by a few days. Pigments (Chla and Tpig) 
and the Chla/Tpig ratio fluctuated in coincidence with 
PQE01, though the only significantly correlated li near rela-
tionship was between Chla/Tpig a nd PQEm. T hese corre-
lations of phytoplankton pigments a nd PQEm with the 
fluctuations of ambient light were consistent with the 
environmental conditions of nutrient surplus but light 
limitation, which forced the PQE (photosynthesis) to be 
J ournal of 1/u Marint Biological Association of lht Uniud Kingdom (2004) 
Slope Intercept R2 N 
1.649 -0.301 0.963 41 
0.628 -0. 127 0.995 41 
0.372 0. 127 0.985 41 
0.051 0.546 0.685 41 
0.053 0.514 0.6 17 41 
0.055 0.556 0.5 15 41 
0.250 1.234 0.682 41 
0.262 1.074 0.6 17 41 
0.270 1.283 0.5 16 41 
related directly to the daily total photon budget. Regres-
sion analyses of ChlafTpig and PQEm to integrated daily 
photon flux (PAR) are discussed later. 
After the equinox, Chla, Tpig, ChlafTpig and PQEm all 
increased sharply: Chla rose from 0.35 mg m- 3 mid-
March to 1.7 mg m- 3 mid-April, ChlafTpig rose from a 
low of 0.44 to 0.57 a nd PQEm rose from 0.40 to 0.51 
during the same period. The post-equinox surge of solar 
radiation created a positive heat budget, leading to 
surface heating, stratification and water column stability, 
which allowed cells to accumulate in the surface high 
light regime a nd the spring bloom to 'take-off'. After 
stable stratification was established in April, the spring 
bloom peaked with exceptionally high values of Chla a nd 
T pig (6.4 and 10.4 mgm-3) in late April (sdy 114) with 
comparably high values of Chla/Tpig (0.62) and PQE01 
(0.52). Surface-layer nutrients declined from 7 to I JLM 1- 1 
but remained in surplus. During this period , CTpg11 a lso 
declined, but rose to the highest value for 2001 in thejuly 
bloom (sdy 190). 
During the SStm period, the surface layer nutrients 
were depleted below the limits of measurement at times 
( <0.2 11M 1- 1) with low surface Chla concentrations a nd a 
sub-surface Chla-maximum in the thermocline. For the 
L4 study in 2001, pigments were measured for the surface 
layer only. For each of these two layers, the phytoplankton 
populations were physiologically adapted to different 
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Table 2. 
environmental conditions: low nutrients and high light in 
the surface layer (either mixed and isothermal or with a 
temperature gradient and stable) and low light, lower 
temperature and nutrient sufficiency in the thermocline. 
Although separate sets of photosynthetic parameters 
could be derived from the FRRF profil e for each layer 
(see Figure 2), often this was not possible, when with a 
very shaJlow surface layer (10 to 15 m) the Fv/ F' m had not 
attained its non-quenched 'maximum' value and PQEm 
was underestimated (a nd in error). T hese data were 
flagged (plotted as stars in Figure 3B) and excluded from 
subsequent regression analyses. Reliable values of PQE"' 
were derived when surface-layer blooms occurred, due to 
episodic nutrient injections (SSsur period) when surface 
Chla concentrations rose to 2- 3 mg m- 3. T hese summer 
blooms have been common occurrences in the western 
English Channel, though the mechanism of their onset is 
not understood fu lly. 
T he autumn phytoplankton bloom has been a regular 
occurrence in the WEC usually dominated by Ceratia spp. 
In 2001 the bloom reached a very high va lue of 4 mg m- 3 
on sdy 246, with correspondingly high va lues for C hla/ 
Tpig (0.66) and PQEm (0.5) bur unusually Cymnodinium 
spp. were most abundant. l n late summer a nd early 
autumn, the surface mixed layer deepens, due to increased 
convectional cooling and autumn storms disrupt the 
Journal of tht Marine Biological Ameiation of tht Unittd Kingdom (2004) 
seasonal thermocline by increased wind mtxmg, even-
tually giving way to a totally vertically mixed water 
column, with adequate nutrients. After the autumn peak, 
there was a downward trend ofChla, T pig, ChlafTpig and 
PQEm to early winter, though the negative slopes of Chla f 
Tpig a nd PQEm differed markedly. Measurements of 
PQEm at this time of year may have been aliased by 
sampling in good weather and sunny conditions, as rough 
weather (with dull illumination) restricted the sampling 
opportunities using small boats. In good weather a 'day-
effect' was observed, manifested as a slight enhancement 
of PQE' near the surface (5 to 10 m) probably arising 
from the rapid response of PQE ( < I h) compared to the 
slower phytoplankton 'doubling times' and chlorophyll 
synthesis processes (12 to 24 h). As this surface value was 
not representative of the phytoplankton assemblage for a 
vertically-mixed water column (uniform T and S), an 
average value of F,./F' m for the euphotic zone was used to 
derive PQE' m though the value deeper in the water 
column may be the more appropriate. T he value of O'pgn 
du ring the ABEW was least obviously linked to any of the 
other parameters. 
In the ABEW period, as in the M\'\ISB, there was a 
clear correlation between Chla/Tpig and PQEm and 
daily PAR, though a priori it was not clear if the forcing 
function was related to the value of PAR for the previous 
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day or an integrated (or mean) value for several days 
previously. Both Chla synthesis and PQEm would likely 
result from several days of photosynthesis under fluctu-
ating light conditions. T he value of PAR for the day of 
sampli ng was not appropriate as sampling was always 
pre-noon. Regression a nalysis (Table I) showed that for 
Chla/Tpig in MWSB and for PQE"' in both periods, the 
highest correlation (R) was for the PAR for the previous 
day, but for Chla/Tpig in ABEW period, the highest R 
was for the mean 4 day PAR. In these and subsequent 
analyses we tested both type I and type 2 regressions and 
Journal of the Marine Biological Association of the United Kingdom (2004) 
found no significant differences in the regression equations 
or statistics. Given the independence of the variables 
PQEm, pigment ratios and optical properties, we used 
type 2 regressions and the correlation coefficient R ; for 
the pigment inter-relationships, we used type I 
regressions and R 2, the fraction of variance explained 
(Table 2). 
The linear regression analyses of Chla to AC and Chla 
to Tpig (Table 2) showed 0.963 and 0.995 of the variance 
explained in each case, broadly agreeing with the ubiqui-
tous relationships reported by Aiken et al., 1995 and Trees 
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Table 3. Statistics from the regression analyses (type 2) of the relationships between photosynthetic ifficiency, PQ_E,. vs pigment 
concentration, Chla, Tpig and pigment ratios. 
Independent Dependent Data Type of 
variable variable included relationship Slope Intercept R N 
Chla PQEm All Log 0.032 0.469 0.799 34 
Tpig PQEm All Log 0.044 0.442 0.808 34 
ChlafTpig PQE"' All Linear 0.399 0.253 0.593 34 
ChlafTpig PQEm MWSB Linear 0.733 0.064 0.885 12 
ChlafTpig PQEm MWSB+SSsur Linear 0.724 0.060 0.85·~ 23 
ChlafTpig PQEm ABEW Linear 0.25 1 0.363 0.762 10 
Table 4, Statistics from the regression analyses (type 2) of the relatiomhips between Chla and Tpig and ChlajCph ratio vs 
plrytoplankton carbon concmtration, Cph, Chlaj Tpig and PQ_E,.. 
Independent Dependent Data 
variable variable included 
Cph Chla All 
Cph Tpig All 
ChlafTpig ChlafCph SB+SS+AB 
PQEm ChlafCph SB+SS+ABEW 
er al., 2000. Note also AC was significantly correlated with 
Tpig (R2 =0.985). T he relationships ofChla/Tpig vs Chla 
a nd Tpig (Figure 4A,B) and Ch lafAC vs Chla and Tpig 
(Figure 4D,E) showed that despite these ubiquitous rela-
tionships, the Chla/Tpig ratio and Chla/AC were non-
linear (logarithmic) functions of biomass ( Chla or Tpig) 
and were both low at low biomass. Often low biomass is 
synonymous with low productivity, as in oligotrophic 
ocean gyres and both ChlafTpig and Ch lafAC fractions 
were low in the low-productivity periods at Stations L4 
and El in both the winter (low light) and the nutrient-
depleted surface layer in summer. The Chla/Tpig and 
ChlafAC ratios were significantly correlated wit h AC 
also; see Table 2. 
The relationships of POf:m vs Chla a nd Tpig (Figure 
SA,B) show that photosynthetic quantum efficiencies are 
a non-linear function of biomass (either Chla or Tpig) 
low at low biomass, with a logarithmic function similar to 
those for Chla/Tpig (shown in Figure 4A,B). T he regres-
sion analyses are summarized in Table 3; note there were 
only 34 co-incident PQEm and pigment data. Analyses of 
PQEm vs Chla/Tpig for the whole year and the seasonal 
periods MWSB, MWSB+SSsur and ABEW ( Figure 
SC- F) showed sign ificant linear correlations between 
these two parameters. For the whole year the correlation 
( R = 0.593) was significant at 0.001 and the correlations 
were higher for the shorter periods: MWSB, R = 0.885, 
P<O.OOl; MWSB+SSsur, R = 0.854, P<O.OOI. The rela-
tionship was also significant in the ABEW, ramp-down 
period ( R = 0.762, P < 0.001) though the slope was quite 
different. None of the relationships between ars11 and any 
of the variables were significant. These results show that in 
}ournal qf the Marine Biological Association qf the United Kingdom (2004) 
Slope Intercept R N 
0.018 0.200 0.875 38 
0.028 0.53 1 0.862 38 
0.270 - 0. 138 0.725 17 
0.480 - 0.214 0.652 27 
natural ecosystems, phytoplankton adjust their Chla 
concentration in accordance with the rates of photo-
synthetic efficiency ( PQE.J. Again the relationships of 
PQEm to ChlafAC were significant, though less so. The 
PQEm was inversely related to AC/Tpig since it is the 
complement of Chla/Tpig. 
Phyroplankron carbon (Cph) calculated by summing 
the microscope counts of the phytoplankton assemblage 
and converting to mgC m- 3, showed a seasonal cycle 
similar to t he pigment cycle, low in winter, peaking in the 
spring, summer and autumn blooms and declining from 
autumn to mid-winter (see figure 6A). The original data 
in six phytoplankton groups (picoplankton, flagellates, 
coccolithophores, dinoflagellates, diatoms and other) 
were condensed into small (picoplankton and flagellates) 
and large (the remaining four groups). Regression analyses 
(Table 4 and Figure 6B,C) showed that both Chla and 
Tpig we re significantly correlated to Cph, with coefficients 
of 0.875 a nd 0.862 respectively. An outlier ( Cph low, 
plotted as a star, included in the regression analyses) 
corresponded to t he highest biomass, spring bloom 
sample (sdy= 114) composed mostly of small flagellates. 
T he late winter samples with low Cph ( ~ 10 mg m- 3) and 
low Chla 0.3 to 0.9 mg m - l were also relative outliers 
and also had a large fraction of small flagellates. These 
small algae tend to be under-counted by microscopic 
analysis (they are poorly preserved) leading to an under-
estimation of Cph by this method. Small flagellate 
formed a signi fica nt fraction of the assemblage in the 
ABEVV period a nd also had low values of Cph relative to 
Chla. The higher than expected values of the Chla/ Cph 
ratio in the winter periods can be explained by the 
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Table 5. Statistics from the regression ana!Jses of the relationships between particle absorption ratios a674ja443 and a674ja490 vs 
Chla , Tpig, POfim, Chla/ Tpig and Chla/ AC. 
Independent Dependent Type of 
variable variable relationship 
Chla a674 fa443 Log 
Tpig a674 fa443 Log 
PQEm a674 fa443 Linear 
Chla/T pig a674 fa443 Linear 
PQEm a674 fa490 Linear 
Chla/AC a674- fa490 Linear 
apparent underestimation of Cph. Excluding these winter 
data, there was a significant correlation of ChlafCph 
vs Chla/Tpig for the spring, summer and autumn 
bloom data (R = 0.725) and the correlations of Chla/ Cph 
and Tpig/ Cph vs PQE111 for the spring to early 
winter (SB+SS+ABEW) were significant (R =0.652 and 
R 2 = 0.624 respectively). Thus, excluding winter 
estimates of Cph, the fraction of Chla (or the fraction of 
Tpig) in phytoplankton (as carbon), was greater for 
higher values of photosynthetic quantum efficiency. 
Because of the poor estimates of Cph in the winter, the 
relationships of Chla/ Cph and Tpig/ Cph with ambient 
PAR were not significant in the nutrient-replete winter 
periods. 
The seasonal cycle of a674fa443 a nd a674fa490 for the 
surface layer determined from PABs (intact cells) showed 
similar patterns to the cycles of ChlafTpig and PQEm 
though less well defined (fewer data, measurements with 
low signal to noise and a few gross outliers). The ratios 
were low in winter, peaked in the spring bloom, fluctuated 
through the summer, peaked again in the autumn and 
declined in the winter. The relationships of a674fa443 
a nd a674fa490 vs Chla and Tpig (see Table 5; R = 0.664 
and 0.672) conformed to a similar log function as observed 
for PQEm a nd ChlafTpig while the relationships to PQEm 
a nd ChlafTpig were linear and all significa nt. These 
absorption ratios were equated to the reciprocals of t he 
ratios D430fD665 (qualitatively Tpig/ Chla, Margalef, 
1967) and D480/D 665 (qualitatively AC/ Chla, Jeffrey & 
Ha llegraeff, 1980) for phytoplankton absorption spectra 
i11 vitro (dissolved in 90% acetone) the longer wavelengths 
were chosen because of the spectral shifts to shorter wave-
lengths (by "' 10 nm) for pigments in solution. It can be 
concluded that both ChlafTpig and PQE111 have a distinct 
optical signature, even in the context of the Aorist ic shifts 
which occur at Sta tion L4 (see Figure 5). ote also that the 
optical ratios were linear functions of mean 4-day PAR, 
for the nutrient replete periods of MWSB and ABE.W 
(see Table 1). 
DISCUSSION 
The seasonal variation of the fract ion of Chla in total 
phytoplankton pigments (photosynthetic plus non-photo-
synthetic) in the WEC in 2001 followed a pattern that 
fitted the seasonal variation of photosynthetic efficiency. 
There was a ' ramp-up' from mid-winter to spring, with 
Journal of /he Marine Biological Association of the L'nilrd Kingdom (2004) 
Slope Intercept R N 
0.115 0.499 0.664 25 
0. 130 0.419 0.672 25 
2.347 - 0.6 13 0.630 25 
1.322 - 0.223 0.5 16 25 
2.819 - 0.596 0.647 25 
0.293 0.379 0.488 25 
fluctuations due to variability of light and stratification 
(windiness). In summer there were fluctuations due to 
variability of stratification and episodic nut rient injections, 
possibly from below the thermocline. In the autumn, 
nutrients were re-supplied to the surface layer and there 
was a 'bloom' fo llowed by a steady ' ramp-down' to low 
values in mid-winter. Thus in a seasonal context, the 
correlation of ChlafTpig to PQEm is fu lly expected . It is 
known that both the synthesis and sustenance of Chla by 
plants are energetically demanding compared to the 
synthesis of other pigments and most carbon constituents. 
The surface layer of the lowly-productive oceans are not 
just low in Ch la, they are low in ChlafTpig fraction 
(Margalef, 1967). Productive regions are high in Chla, 
ChlafTpig and ChlafAC in the growth phase, but Chla/ 
Tpig and ChlafAC fractions arc lower when growth is 
limited by any substrate, nutrienrs or photons. In the 
present study, in the winter to spring period and the 
autumn to winter period, macro-nutrients were abundant 
(in surplus) and both ChlafTpig and PQEm were 
significantly correlated with the total daily photon flux 
for the previous day or previous few days. These changes 
were apparent despite a highly significant correlation 
between Chla and Tpig or Chla and AC. The seasonal 
changes of Chla/Tpig at Station L4 (0.4 to 0.66) compare 
with the ranges reported by Trees et al. (2000) for 32 
cruises world wide. 
Analysis of published data from the iron enrichment 
experimenrs, IronEx ll (Behrenfeld et al. , 1996; Coale et 
al. , 1996) and SOIREE (Boyd et al. , 2000; Boyd & 
Abraham, 2001) showed significant linear correlations 
between ChlafTpig and PQEm (at night). lronEx 11 data 
show that Fv/Fm ( PQE111) is a dynamic parameter chan-
ging rapidly, doubling from 0.23 to 0.48 in about 24 h and 
declining to 0.22 at the end of the experiment on day 13 
(Behrenfeld et al. , 1996). 
The present studies have shown that PQE, pigment 
composition (Chla/Tpig and Chla/AC) and optical prop-
erties are significantly inter-correlated . T hese results agree 
with the historical observations of Margalef (1967) that 
a674fa443 is correlated to ChlafTpig. Here we show that 
a674fa443 is significantly correlated to PQE111 • T here are 
implications for the determination of phytoplankton 
product ion from ocean colour data. Many remote sensing 
algorithms for Chla (e.g. Aiken et al., 1995; O 'Reilly et al. , 
1998) use the ratio of remotely sensed reflectance ( Rrs) for 
two bands at 490 and 555 nm. Both of these bands lie 
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outside the Chla (Soret) absorption band and in reality 
these relationships a re carotenoid or total pigment a lgo-
rithms. They work because Chla and the accessory 
pigments, mainly carotenoids eo-vary robustly as 
discussed above. T he inter-province variance of the Chla/ 
carotenoid ratio is probably the main source of error in 
global C hla a lgorithms. We have shown that in the WEC, 
the annual ranges of Chla/Tpig (0.43 to 0.66) or Chla/ 
Carotenoid (0.77 to 1.90) are quite variable, albeit in a 
biologically meaningful pattern. This contradicts the 
inherent assumption of band ratio algorith ms that Chla, 
accessory pigments and other co-existing bio-optically 
active constituents are auto-correlated . Models for the 
determination of primary production from ocean colour 
data, which use remotely sensed Chla as the main variable, 
may compo und these errors. Here we show that Chla/ 
Tpig ratio relates di rectly to photosynthetic quantum effi-
ciency and as such it must be a key parameter for higher 
order and h igher accuracy models of primary production. 
Chla has a distinct blue spectra l signature, a bsorbing from 
400- 470 nm, while the carotenoids absorb from 40Q-
560 nm (Bidigare et a l. , 1990). Reconstructed phyto-
plankton absorption spectra show that there are la rge 
changes a t 443 nm for the range of Chla/Tpig reported 
here (0.43 to 0.66) and modelled R rs ratios change by a 
factor up to 1.5. T he inference is that Chla/Tpig can be 
detected in ocean colour spectra. Given tl1at there a re 
significant relationships of Chla /Tpig to PQEm and Chla/ 
Cph, these too should be retrievable directly from remo-
tely sensed data. The present d ata show that standard 
errors for a local, seasona l a lgorithm should be accept-
able. 
Using the measurements of PQE"' by FRRF as a bench 
mark, we have shown that there are several biological 
properties that vary seasona lly, directly related to solar 
stimulated photosynthesis. These are: pigment ratios, 
Chla/Tpig and Chla/AC; pigment to carbon ratios, 
Chla/ Cph and Tpig/ Cph; optical ratios a674/a443 and 
a674fa490. All of these links have been reported 
previously, though without reference to a quantitative 
bench-mark measurement for validation. Most signifi-
cantly, we observe that plants in active growth synthesize 
Chla preferentially to other pigments and other carbon 
compounds and de-synthesize Chla when growth is 
limited by any substrate, nutrients or photons. 
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